^  the 


NOTICE:  When  gQvernitten-t  or  other  Srawlngs,  speei- 
fications  or  other  data  are  used  for  any  purpose 
Other  than  in  GOnneetion  with  a  definitely  related 
government  procurement  opeiation,  the  U*  S* 
Government  therehy  incurs  no  reBpOnsihility,  nOr  any 
ohiigation  •v&at soever;  and  the  fact  that  the  Govein.- 
ment  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings^  speGifications,  or  other 
data  is  not  to  he  regarded  hy  implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  seii  any 
patented  invention  that  may  in  any  way  he  related 
thereto. 


6  3  ^  ^  y 


a\assachusetts  institute  of  technolosy 

RESEARCH  LABORATORY  OF  ELECTRONICS 
CAMBRIPeE,  A^ASSACHUSETTS 


/ 


/ 


A  S  T  I  A 


FEB  2  51963 


The  Research  Laboratory  of  EleGtrOniGs  is  an  interdepartmental 
laboratory  in  whieh  faculty  members  and  graduate  students  from 
numerous  acadetnic  departments  eonduCt  research. 

The  research  reported  in  this  document  was  made  possible  in  part 
by  support  extended  the  Massachusetts  Institute  Of  Technology,  Rer 
search  Laboratory  of  Electronics,  jointly  by  the  u.s.  Army,  the  tJ.s. 
Navy  (Office  of  Navai  Research),  and  the  U,S.  Air  Force  (Office  of 
Scientific  Research),  under  Contract  E>A36-039^sg-781G8,  depart¬ 
ment  Of  the  Army  Task  3-99-25-()0l-08;  and  in  part  by  Contract 
bA-SlO-36-039-61-G14. 

Partial  support  for  work  in  Plasma  BynamiGS  is  provided  by  the 
U.S.  Atomic  Energy  Commissioh  under  Contract  AT (30-l)-l842; 
the  National  Science  Foundation  (Grant  G-24073) ;  the  U.S.  Air  Force 
(Electronic  Systems  Division)  under  Contract  AF  19(6()4)-5992;  and 
the  U.S.  Air  Force  (Aeronautical  Systems  Division)  under  Contract 
AF  33(616)-7624. 

Partial  support  for  Work  in  Communication  Sciences  is  provided 
by  the  National  Science  Foundation  (Grant  G-16526)  and  the 
National  institutes  of  Health  (Grant  MH-04737-02). 

Additional  support  of  specific  projects  is  acknowledged  in  foot¬ 
notes  to  the  appropriate  sections. 

Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose 
Of  the  United  States  Government. 


MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
RESEARCH  laboratory  OF  ELECTRONICS 


QUARTERLy  PROGRESS  REPORT  No.  6S 
Januaiy  1 5*  1963 


Submitted  by:  H,  J-  Zimmermann 
G,  G.  Harvey 
W,  B,  Davenport.  Jr, 


TABLE  OF  eONTENTS 

Personnel 

Pnblicalidns  and  Reports 
Introduction 

RADIO  PHYSICS 

I.  Physical  Electronics  1 

Temperature  Dependence  Of  EleetricM  Leakage  Caused 
by  Cesium  On  Glass  1 

H.  Soft  X-Ray  Spectroscopy  7 

III.  X-Ray  Diffraction  Studies  9 

IVi  PhysiCai  Chemistry  11 

V.  Biophysical  Chemistry  13 

VL  Microwave  Spectroscopy  15 

VIA.  Optical  arid  Infrared  MaSers  17 

Vili  Nuclear  Magrietic  Resoriariee  arid  Hyperfine  Structure  19 

Hyperfine  Structure  and  Isotope  Shifts  in  NeutroniiDeficierit 

Mereury  Isotopes  21 

Vlil.  Microwave  EieetroftiCs  23 

IX.  Molecular  Beams  25 

Stark  Effect  and  Hyperfine  Structure  of  Hydrpgeri  Fluoride  25 

CS  Maser  27 

Ammonia  Deceleration  Experiment  28 

He^  and  He^  Beams  29 

Measurement  of  the  Velocity  of  Light  29 

X.  Radio  Astronomy  35 

K-band  Radiometry  35 

Solid-State  Local  Oscillators  37 

A  Relatipnsbip  between  Current  Density  J  and  Far -Zone 

Ra^ation  Fields  38 

XI.  Physical  Acoustics  41 

Instability  Of  Liquid  Conductors  in  a  Magnetic  Field  41 

Sound  Propagation  over  a  Plane  Boundary  42 

Stability  of  Parallel  Flows  45 


CONTENTS 

3QI.  Noise  iii  Eieetf  on  Dfevlees  53 

Solutions  to  the  PrObiena  of  the  Qptunum  Noise  Performance 

of  Muititerminal  Amplifers  53 

plasma  DYNAMICS 

MUi  Plasnia  PhyslGS  5l 

Low-Frequency  Plasma  Waves  5I 

Decameter  Hadiation  from  Jupiter  55 

XIV,  Plasma  Eieetronics  57 

Nonlinear  One -Dimensional  MagnetOhydrodynamic  MonOtron  5S 

An  Alternative  Proof  of  Stability  for  the  Magnetohydro- 

dynamie  Waveguide  73 

Scattering  of  Light  from  EleGtrons  II  74 

tiSe  of  Fissile  Nuclides  in  Fusion  Reactor  Blankets  77 

Design  and  Construction  of  a  Large  Plasma  Facility  83 

Energy  Extraction  Blanket  for  a  Fusion  Reactor  $5 

SuperGondUGtlng  Solenoid  $5 

XV,  Plasma  Magnetohydrodynamics  and  Energy  Conversion  iOl 

Work  Completed  106 

The  Effect  of  Swirl  on  me  Eiectromagnetic  Flowmeter  105 

Experimental  Characteristics  of  a  Plasma  Jet  1Q6 

Blood- Flow  Studies  106 

Experimental  Measurement  of  the  Thermal  Conductivity 

of  Cesium  Vapor  1Q7 

Work  Function  Of  a  Conductor  108 

Power  Flow  in  the  MagnetOhydrodynamic  Induction  Machine  1 1 3 

COMMUNICATION  SCIENCES  AND  ENGINEERING 

XVI,  Statistical  Communication  Theory  121 

The  Synthesis  of  a  Class  of  Nonlinear  Systems  122 

Maxima  of  the  Mean-Square  Error  in  Optimum  Nonlinear 

No-Memory  Filters  130 

XVII,  Process  Analysis,  and  Synthesis  1 37 

Xyill.  Processing  and  Transmission  of  Information  139 

Picture  Processing  140 

A  Study  of  the  Picture -Sampling  Process  140 

The  Mathematical  Foundation  of  the  Synthetic  Highs  System  140 

Frequency-Compressiye  Feedback  Systems  147 

iv 


CONTENTS 


XlXi  A-rtifiGial  Intelligenee  159 

XX.  Speech  ComrnjiiiiGastidh  l63 

A  Computer  Program  for  Gontrollihg  the  Dynamie  VOcal- 

Traet  Aiialog  (DA VO)*  163 

A  Trahsfstorized  Artieulatory  Speech  Sjmthesizer  164 

Computer  Contr  ol  of  a  Terminal  Analog  Speech  Synthesizer  167 

XXli  MechaniGal  Translation  171 

Generative  Grammar  without  Transformatioh  Rules  1 71 

Ah  Ordinary  Language  Input  for  a  GOMiT  Prooff Procedure 

Program  174 

Sentenee-Meaning  and  Word-Meaning  176 

Finnish  Noun  Morphology  1 80 

XXlii  Linguistics  if? 

A  Note  on  the  Formuiation  of  PhOnoiOgiGal  Rules  If? 

Vowel  Harmony  in  Classical  tLiterary)  Mphgolian  if 9 

On  the  Present  Tense  Theme  o/e  in  Russian  1 90 

Discontinuous  One-Way  GrammaFs  193 

Childreh's  Grammar  191 

Theoretical  implications  of  Dioomfield's  ''Menomini 
Morphophonemics"  l97 

XXlIi.  communications  Biophysics  205 

Binaural  Interaction  in  Single  Hnits  of  the  Accessory  Superior 

Olivary  NuCieus  in  Cat  '  2'07 

PoStaurieular  Electric  Response  to  Acoustic  Stimuli  in  Humans  218 

Responses  of  a  Neuronlifce  Net  to  Paired  stimuli  2'25 

XXIV,  Neurophysiolo^  227 

XXV,  Neurology  229 

Work  Completed  229 

Eye  Convergnece  232 

Pupillary  Noise  234 

Eye?.Movement  Experimentation  236 

Model  of  the  Pupil  Reflex  to  Light  237 

Human  Prediction  of  Filtered  Random  Sequences  240 

XXVI,  Cutaneous  Sensory  Mechanisms  243 

XXVlI.  Sensory  Aids  Research  245 


V 


CONTENTS 

XXVIII.  Circuit  Theory  arid  Ocsigii  24’7 

XXDCi  Network  Syhthesis  249 

XXX.  COinputer  Research  251 

XXXI.  Advanced  Computation  Research  253 

XX3Ql<  Stroboscopic  Research  255 

Author  Index  257 


vi 


PERSONNEL 


Adininistratidn 


Advisory  Committee 


Profesfsdr  H.  J.  Zimm'ermann,  ©irect-or  Bean  Gi  S.  Broym  (Ex  offielo) 

Professor  GiGi  'Harvey,  Assopiate  Birector  Professor  W,  W.  Bueehner 

ProfesSpr  W.  B.  BavenpOft,  Jr,  ,  Assoeiate  Director  Professor  W.  B.  Davenport,  Jr, 
Mr,  R.A.  Sayers,  Personnei' and  Business  Manager  Professor  P.  Elias 

Professor  G.  G,  Harvey 
Professor  A,  G,  Hill 
Professor  I.  W.  Sizer 
Professor  H.  J.  Zimmermann 
{Chairman) 


Faculty 


AHis,  W,  P,  {Absent) 

Arden,  ©,  N.  (Absent) 
Barrett,  A,  H. 

Bekefi,  G. 

Bers,  A. 

Billman,  K,  W. 

Bitter,  F, 

Bose,  A.  G. 

Brazier,  Mary  A.  B, 
(Visiting) 

Brown,  S.  C. 

Carabateas,  E.  N. 

Chomsky,  A.  N. 

Chbroyer,  S,  L,. 

Chu,  L.  J, 

CoPhran,  J.  F. 

Davenport,  W.  B.,  Jr, 
Dennis,  J.  B. 

Dupree,  1'.  M. 

Eden,  M, 

Edgerton,  H,  E, 

Elias,  P, 

Fano,  R.  M. 

Freedman,  S.  I. 

Gailager,  R.  G. 

Garland,  C.  W. 

Getty,  W,  D, 

Goldstein,  M,  H, ,  Jr. 
Graham,  J,  W. 

Green,  D.  M. 

Guillemin,  E.  A. 
Gyftopoulos,,  E.  P. 

Halle,  M. 

Hammes,  G,  G, 

Harvey,  G.  G. 

Hatsopoulos,  G,  N,  (Absent) 
Haus,  H,  A. 


Heinz,  J.  M. 

Heiser,  W,  H, 

Hennie,  F.  C  . ,  ill 
HIH,  A,  G> 

Hoffman,  M.  A. 
Hofstetter,  E,  M. 
Huffman,  Di  A. 

Ingard,  K,  IJ. 

Jackson,  W.  D. 

Jacobs,  I.  M. 
jakobson,  B. 

Javan,  A. 

Kerrebrock,  J.  D. 
king,  J.  G. 

Kinsey,  J.  L. 

Klima,  E.  S. 

Kyhi,  R.  L, 

Lee,  Y.  W, 

Lettvirt,  J.  Y, 

Lidsky,  L,  M, 
Manders;,  A,  M. 
Masou,  J  . 

Maxwell,  E.  (Visiting) 
Meissner,  H.  P, 
Meleher,  J,  R. 
Meiznok,  R. 

Minsky,  M,  L. 

More,  T, ,  Jr, 
Nottingharn,  W,  B. 
Oates,  G.  C. 

Peake,  W,  T, 

Penfield,  P,  L, ,  Jr. 
Penhune,  J.  P. 

Perry,  C, 

Putnam,  H, 

Rafuse,  R.  P, 


Reiffen,  B.  (Visiting) 
Reynolds,  J.  M, 

Rose,  D.  J. 

Rosenblith,  W.  A, 
Sakrison,  D.  S. 
Scbetzen,  Mi 
Schreiber,  W,  F, 
Schwab,  W,  C, 

Searle,  c .  L. 

Shannon,  C.  E. 

Shapiro,  A,  H. 

Siebert,  W,  McC. 

Smith,  J.  B. ,  jr. 
Smuliin,  L.  D. 

Stevens,  k.  N,  (Absent;) 
Stickney,  R.  E. 
Stoekham,  T.  G, ,  Jr- 
Strandberg,  M.  B. 
Swets,  J,  A.  (Absent) 
f eager,  H.  M. 

Teuber,  H.  L, 

Thornton,  R,  D. 

Tisza,  L,  (Absent) 
Townes,  C,  H, 

Troxel,  D.  E. 

Van  Trees,  H.  L. ,  Jr. 
Wall,  P.  D, 

Warren,  b.  E, 

Waugh,  J,  S, 
Whitehouse,  D.  R. 
Whitney,  W,  M, 
Woodsdn,  H,  H, 
Wozen*?raft,  j.  M. 
Young,  L,  R. 

Zacharias,  J.  R. 

Zadeh,  L,  A,  {Visiting) 
Ziinmernnann,  H,  J, 


Alter,  R.. 

Behaciek,  P.  K. 

Bruee,  J.  D. 

Copper,  R.  S. 

Crystal,  T,  Hi  •(Absent) 
Cummings,  J,  R, 

Dean,  L.  W. ,  ill 
East,  Di  A, 


Pitts,  W.  Hi 
Rines,  R,  Hi 


Baripw,  Ji  Si 
Bradley,  L,  C , ,  ili 
Burke,  j.  Ji,  Jr. 
Cavaggipni,  A, 
Cerrillo,  M. 


Arndt,  R,  W, 

Badessa,  R.  S. 

Bates,  V.  J. 

Bpsphe,  Carpi  M, 

Brown,  R,  M, 

Campbell,  Elizabeth  J. 
Chang,  Yi 
Charhey ,  Elinpr  K , 

Clark,  W,  A,,  Jr.  (Lincoln 
Laboratory) 

Clayton,  R,  J, 

Congleton,  Ann 
Crist,  A.  H. 

Darlington,  J.  L. 

Duffy,  D.  F. 

Edwards,  D,  J. 

Farley,  B.  G.  (Linepln 
Laboratory) 

Ferretti,  E/  F. 

Fields,  H. 

Garber,  M. 

Giberman,  E. 

Hewitt,  J.  H. 


personnel 


instructors 


Hall,  Ji  Li,  H 
^Iteer,  Wi  ^i 
Kennedy,  R.  S. 
Kincaid,  T.  G. 
Kliman,  G.  B. 
Koskinen,  M,  F. 
Krishnayya,  J.  G. 
Liu.  C  .  L. 


Lecturers 

Stroke, 

Stroke, 


Research  Associates 

DUpress,  J. 
FiOcco,  G. 
Gerstein*  G.  L. 
Gesteiandi  R.  C. 
Hermanh,  H.  T. 
House,  A.  S. 


Staff  Members 

Howland,  B,  (Lincpln 
Laboratory) 
Ingersoll,  J,  G. 
Ingraham,  E.  C. 
Jaseja,  T,  S. 

Kannel,  Muriel 
Katz,  J.  j. 

Kerilenevieh,  N. 
Keyes,  R.  V. ,  Jr. 
Kiang,  N.  Y-S. 
Kuiper,  J.  W. 

Kusse,  B.  R, 
Lindsley,  V,  Susan 
Maiumdar,  S.  K. 
McCarthy,  J.  J. 
MeCulloch,  W.  S. 
Molnar,  Donna  A, 
Mulligan,  W.  J. 
O'Brien,  F.  J, 
Pennell,  Martha  M. 
Percival,  W.  K. 
Pitts,  W.  H. 


viii 


MacDonald,  J.  S. 
Oppenhedm.,  A.  V. 
Parente,  R.  B. 
Perimutter,  D.  M* 
Pierson,  Ei  S. 
Schneider,  A.  J. 
Shavit,  Ai 
Widnall,  W.  Si 


Gi  Wi 
Hi  Hi 


Kilmer,  W.  L. 
Matthews,  Gi  H, 

stark,  L. 
Thompson,  Ei 
Yngve,  V,  H. 


Postal,  P.  Mi 
Rao,  Bi  D.  N. 

Reid,  M.  H, 

Rosebury,  F. 

Ryan,  L,  W, 
Saltaiumacehia,  A-  J. 
Sandel,  Ti  T.  (Lincoln 
Laboratory) 
Satterthwait,  A,  C. 
Sayers,  R,  A. 

Shiffman,  C.  A. 

Smith,  P-  L. 

Stroke,  H-  Hi 
Stucki,  M-  J- 
Svihula,  G,  F. 

Szoke,  A. 

Thomas,  Helen  L, 
Vidale,  Eda  B. 

Yiertei,  J.  J. 

Whitney,  R,  E. 

Willis,  Pi  A. 

Wilson.  G,  L. 

Yaqub,  M. 


Baker,  F.  H. 

(Postdoctoral  FeiiOw 
of  the  NatiOhal  Insti- 
tutes  Of  Health) 

Gross,  Ci 

( PostdoetOf  ai  Felto w 
of  the  National  Instil 
tutes  Of  Health) 

HaH,  R.  D, 

(PostdOGtOral  Fellow 
of  the  National  Insti¬ 
tute  of  Mental  Health) 
limai,  Ni 

Isami,  Yi  (Fulbright 
Research  Scholaf  in 
Linguistics) 

Keyser,  S.  jf. 


Adcock,  T.  G, 
AddisOh,  R.  <2.,  Jr., 
(Raytheon  Fellow) 
Aldrieh,  j.  A. 

(RCA  Follow) 
Algazi,  Vi  Ri 
AllOn,  R,  J. 

Alvarez  de  Toledo,  F. 
Anderson,  A.  T. ,  III 
Anderson,  T.  M. 

(liSN  Fellow) 
Andrews,  J.  M, ,  Jr. 
Andrews,  M.  L. 
Arbib,  M.  A. 
Arnstein,  D.  S, 
Arunasalarn,  V, 
Austin,  M.  E, 
(National  Science 
Foundation  Fellow) 
Axelrod,  F-  §• 
Bartsch,  R.  R, 

Bauer,  R.  F. 
Berlekanap,  E.  R. 
Beyer,  T.  G. 
Blackford,  B.  L. 
Blinn,  J.  C.,  HI 
Blum,  M. 

BobrOw,  D.  G. 

Bolen,  N-  E. 

Bosco,  J.  A. 

Brabson,  B.  B. 
(National  Science 
Foundation  Fellow) 
Brassert,  W.  L. 


PERSONNEL 

Visitors 

KOrnacker,  K. 

(Postdoctoral  Fellow 
of  the  National  insti¬ 
tutes  of  Health) 
Menyuk,  Paula 
(Postdoctoral  Fellow 
of  the  National  Insti¬ 
tutes  of  Health) 

M  Ol  nar,  G.  E. 

Onesto,  Ni  M.  (Ri  L,  E. 

Postdoctoral  Fellow,) 
Parks,  Ji  H. 

Rotas,  Ji  A. 

(PostdoGtOral  Fellow 
of  the  National  insti¬ 
tutes  of  H  ea  lt  h  ) 


Graduate  Students 

firendel.  Pi  J, 

(National  Science 
Found^lOn  Fellow) 
Briggs,  R,  J. 

(RCA  Fellow) 

Brown,  Ji  E, 

Buntschuh,  C.  J?. 
Burgiel,  Ji  C. 

Burns,  S.  K. 

(Teaching  Assistant) 
Bush,  A.  M. 

Cahiander,  D,  A. 
Gapranica,  R.  R. 

(C  ommunic  ations 
Development  Training 
Program  Feilow  of 
Beil  Telephone  Labo¬ 
ratories,  Inc.) 
Ghamberlain,  S.  G- 
Ghandra,  A.  N. 

C beadle,  G., 

Ghiao,  R.  Y, 

Glarke,  J.  F. 

Glemens,  J.  K, 

Cpecoli,  J,  D, 

Cogdell,  Js  Rt 
Goggins,  J,  L, 

Cornew,  R.  W. 

Crowley,  J.  M. 

(U.  S.  AEG  Fellow) 
Cunningham,  J,  E. 
Davis,  J.  A. 

(NatiGnal  Science 
Foundation  Fellow) 


ix 


Sehiiier,  P.  Hi 

(Postdoctorai  Fellow 
of  the  National  Insti¬ 
tutes  of  Health) 
Siatkowski,  Z. 

Toschi,  R.  (Fulbright 
Research  Scholar;) 
TrOelstra,  A. 

(NAtG  Science 
Fellow) 
walker,  D.  E, 

Walter,  W.  T. 

Wojnar,  A.  (RiLiEi 
Postdoctoral  Fellow) 
Wu,  K.  (R.Li  Ei 

Postdoctoral  Feilow) 
Yasui,  Si 


DethlefSen,  R, 

Diana  ond,  B,  L, 
Doinen,  J.  K. 
Donadieu,  L,  J. 
Drouet,  M.  0i  A. 
i^m,  H. 

Ebeft,  P,  M. 

(National  science 
Foundation  Fellow) 
Eliis,  J.  R,,  Jr. 
Faiconer,  D,  p. 

(Whitney  Fellow) 
FOhl,  f  , 

Forney,  G.  D. ,  Jr. 
Fraiin,  F.  W.,  IV 
Gann,  A,  G- 

(Raytheon  Fellow) 
Garmire,  Elsa  M, 
Garosi,  G.  A. 
Gerutmann,  J. 
(National  Science 
Foundation  Fellow) 
Ghosh,  S.  K. 

Glenn,  W-  H, ,  Jr. 
(Hughes  Aircraft 
Fellow) 

Golub,  R. 

(I.  T.T.  Fellow) 
Gothard,  N. 

Gray,  G.  E. 

(Teaching  Assistant) 
Gray,  P,  R. 

(Teaching  Assistant), 
Grnyzel,  A.  1, 


PERSONNEiL 

Graduate  Students  (Gontinued) 


Greenspan,  R.  L. 
GroneiSiann,  U.  Fi 
Guttfichi  G.  L. 

Halli  Barbara  Gi 
(Natipnai  Seience 
Foundation  Fellow) 
Halverson,  W.  D. 
Hambrecht,  F.  Ti 
Hart.  T.  P. 

Hartenbaurri,,  B.  A. 

Harutaj  K, 

Hegbiprn,  E.  R^ 

Henke,  W,  L, 

(National  Science 
Foundation  Fellow) 

Hey  wood,  J.  B, 
Holsinger,  J , 

Hooper  j  E,  B- .  Jr, 

Houle,  Ji  Gi,  Jr. 

(IBM  pellpW) 

Hsieb,  H.  Ifi 
Huang,  f  i  S.- 

(Teaching  Assistant) 
Huibonhoa,  R. 

(TeaGhing  Assistant) 
Impink,  A.  J. ,  Jf . 
Ingfabarn,  J.  G, 
(National  ScienGe 
Foundation  Fellow) 
ivie,  E.  L, 
lameson,  P.  W, 

(Sehlumbergef  Fellow) 
Johnston,  W.  D. ,  Jr, 
Jones,  J,  S. 

Kamen,  E.  L, 

Karvelias,  P,  H. 

Katona,  P.  G, 

Kellen,  P,  F. 

Kelly,  W.  F, 

(Sperry  ,-Rand 
Corporation  Fellow) 
Ketterer,  F.  D, 
Kiparsky,  R.  P,  V. 
Kniazzeh,  A,  G-  F. 
Kocher,  D,  G. 

Kramer,  A,  J, 

(Teaching  Assistant) 
Kronquist,  R,  L. 
Kukolich,  S,  G, 

Kuroda,  S,  Y. 

(Whitnsy  Fellow) 
Langendoen,  D.  f, 
l,astovka,  J,  B. 

Lerman,  S.  H- 
Levine,  J,  D, 


Levine,  R.  G. 

(Teaching  Assistant) 
Levison,  W.  Hi 
Lewis,  Ai  T. 

Liegeois,,  Fi  Ai 
Lightner,  f .  M. 

Little,  Ri  G. 
Llewellytt-Jones,  D,  f. 
Lontai,  Li  N, 

LoWiy',  Ei  Si 

Luce,  D.  A. 

Luckham,  Di  C. 

Luther,  Ai  Hi 
Lutz,  Mi  Ai 
MacOrnber,  J.  E), 

Mandics,  P,  A. 

Mark,  R.  G. 

Masek,  f .  B- 
Mayo,  Ji  Wi 
MeCawiey,  J,  D, 
(Teaching  Assistant) 
McMorris,  J.  Ai,  fl 
Mendell,  L, 

Mendelson,  J, 
Mermelstein,  P, 

Minoo,  Hi 
Morse,  p.  L- 
Mussi,  R.  N.  F. 

Navaa,  F. 

Nelson,  p.  E. 

(Teaching  Assistaht) 
Nolan,  j.  Ji,  Jr, 
Nowak,  R.  f. 

Oder,  R-  R- 
Olsen,  J-  H, 

Ornura,  J,  K. 

(National  Seience 
Foundation  Fellow) 
Paul,  A,  Pi 
Pauwels,  Hi 
Petrie,  L,  M, ,  Jr, 
(Teaching  Assistant) 
Pfaff,  D,  W, 

Pfeiffer,  R,  R, 

Phipps,  G.  R. ,  Jr, 
Pilla,  M,  A, 

(Teaching  Assistant) 
Prabhu,  V,  K, 
Praddaude,  H-  C, 
Pruslin,  P.  Hi 
Qualls,  C,  B. 

Rahniani,  Mahin 
Redi.  Q, 

Rizzo,  J, 

Roberts,  L,  G* 


Rogoff,  Gi  Li 
Rook,  C.  W.  i  Jr- 
Rosenbaum,  P.  S, 
Rosenshein,  Ji  S, 

Rowe,  Ai  W. 

Rummler,  Wi  Di 
Sandberg,  A.  Ai 
Savage,  J,  Ei 
Sehiossberg,  Hi 
Schuler,  Gi  Ji,  Jr, 
Serafim,  P.  E. 

Shane,  .1.  Ri 

(Kennicot-G  opper 
Fellow) 

Shimony,  U. 

Simon,  R.  Wi 
Simpson,  J.  I, 

Sklar,  J.  R. 

Smith,  R.  S. 

Smith,  W.  W. 

Smythe,  D,  L.,  Jr. 
(Teaching  Assistant) 

Snodderly,  Pi  M- , 
Sobei,  li 
Sehn,  S.  J. 

(f  eaching  Assistant) 
Spangler,  P.  S. 

Staelin,  P.  Hi 
Stanton,  Si  F.  (Hughes 
Aircraft  FeiiowJ 
Steele.  Pi  W. 

(Sloan  Fellow) 
Steelnjan,  J.  E- 

(f  eaching  Aeeistant) 
Steinbrecher,  p.  H. 
stigiitz,  I.  G, 
strong,  w,  J, 

Sutherland,  W-  R, 
(National  Science 
Foundation  Fellow) 
Taub,  A.  (National 
Institutes  of  Health 
Feliow) 

Tepley,  N, 

Theodoridis,  G, 

Thiele,  A,  A. 

Thoroae,  I.  H, 
(National  Science 
Foundation  Fellow) 
Tboaias,  L,  C- 
Thompson,  W,  B. 
Thornburg,  C.  O. ,  Jr. 
Tobey.  M.  G. ,  Jr, 
(Teaching  Assistant) 
Tomlinson,  W,  J,,  ni 
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PERSONNEL 
Oraduaife  Stiidenls  (continued) 


Tretiak.  J. 

(R.L.E.  Fellow) 
Tse,  F.  Y-F. 

T'uienkOi  J.  S. 

(U.  S.  AEG  Felipw) 
Vanderweil.  R.  G. 

Van  Horn,  E.  G»,  Jr, 
Wade,  G.  G. 

Wagner,  G.  E, 

(Teaching  Assistant) 
Waletzko,  J.  A. 

Wang,  G,  Y-G, 

Ward,  R.  L. 

(IBM  Fellow) 
Wasserman,  G,  S, 


Weinreb,  S, 

Weiss,  T.  F. 

Welch,  j,  R, 

(TeaGhing  Assistant) 
Weifiple,  S.  H. 
Whitman,  E.  C, 
Wiederhold,  M.  L. 
Wilde,  D.  U. 

(Teaching  Assistant) 
Wilde,  G.  R. 

Wilensky,  S, 
WlRiamson,  R.  G, 
Wilifce,  H.  L,,  Jr, 
Wilson,  W.  J, 

(Teaching  Assistant) 


Witting,  H.  L, 

(U.  S,  AEG  Fellow) 
Witting,  J.  M. 

(I,  T,T.  Fellow) 
Witzke,  K,  G, 

Wolf,  R.  P, 

Woo,  J  ,  G  , 

Wright.  B.  L, 

Yudkin,  H.  L. 

Zeiger,  H.  P. 

Zuber,  B.  L. 
Zuckerman,  B,  M. 
Zwicky,  A,  M. ,  Jr. 
(National  Defense 
Education  Act  Fellow) 


Addis,  J,  L, 
Aponick,  A,  A, 
Bayles,  R,  U, 
BrinCko,  A.  J, 
Butterfield,  B,  O. 
Byers,  F.  H, 

Gar  son,  J.  F. 
Deininger,  G,  G. 
Biephuls,  R.  J. 
Ecklein,  D. 

Gadzuk,  J.  W. 
Grabowski,  R,  E, 
Hamlin,  R,  M, ,  jr. 
Harlsm,  G,  s 
Hartman,  P,  W, 


Undergraduate  s 

HirsChfeld,  R,  A, 
Hutson,  R.  L. 
johnson,  I.  S.  Gi 
Koons,  H.  C, 

Libman,  S.  M. 
Lindes.,  P. 

McDowell,  G.  Q. 
Manji,  Gi  A.,  ir. 
MarcheSe,  P.  S, ,  Jr, 
Murray,  J.  R. 

Nelson.  G.  P. 

Ng,  L.  G. 

Norris,  R.  B. ,  Jr, 
Parehesky,  J. 
Perrolle,  P,  M, 


Peterson,  B.  A. 
Piner,  S,  D, 

Rome,  J.  A, 
Rchindall,  J.  E. 
Siemens,  P.  J, 
Smith,  Di  F, 
Speer,  E.  R, ,  Jr. 
Stark,  M.  F,  . 
TeriiMinasSian,  V, 
Turnbull,  R,  J. 
Wan,  A,  G.  M. 
Wolf,  W,  J.,  Jr, 
Wolfberg,  M. 

Yap,  B.  K. 

Yansen,  D.  E. 


Baecker,  R.  M. 
Baugh.  W,  H. ,  HI 
Bender,  M,  H. 
Books,  G.  E. 

Ghu,  Y.  H. 

Gohn,  T.  E. 

Dralle,  A.  V. 
Ellms,  S.  R, 
Emelianoff,  M,  D, 
Emerson,  $•  T, 
Evans,  S,  A. 
Fevrier,  A. 

Fiory,  A.  T, 
Flicker,  J.  K. 
Hadden,  W.  J, ,  Jr. 


Senior  Thesis  Students 

Hassan,  A,  R. 

Hegyi,  D.  J. 

Jansen,  R,  H, 

Jordan,  H.  D, 

Joseph,  D,  K, 

Kinzer,  T,  J.,  Ill 
Kosdon,  F.  J, 

Kotler,  S.  J. 
Landowne,  D, 
Langbein,  D, 

Lennon,  W-  J, 

Lynch,  J,  T, 
McClees,  H,  G-,  Jr- 
MacDonadd.  J,  F,  P, 
Manheimer,  W,  M. 


Marble,  G.  W. 
Meyer,  J.  S. 
Miller,  S.  W. 
Milner,  P. 

Mudama,  E.  L, 
Qkercke,  S.  A, 
Peariman,  M,  R, 
Porter,  R.  P. 
Reznek,  S.  R. 
Sarraquigne,  M.  R, 
Sohlessiriger,  L. 
Solin.  S.  A. 

Spira,  P.  M. 

Stavn,  M.  J. 
Stokowski,  S.  R, 


personnel 


TonieSi  G.  F. 
Vaiby,  L.  R. 
WachteL  J.  M 


Aquiridei  Pi  _ 
Arnold,  Jane  B. 

Atlas,  H. 

Babcock,  E.  B* 
Barrett,  J. 

Barrows,  F.  W. 
Beaton,  Catberine  M. 
Bella,  Gv  J. 

Berg.  A-  pi 
Butier,  Ri  E  - .  J^i 
Carbone,  Marie  L-. 
Ghance,  Eleanor  K, 
Gonnolly,  J.  Ti 
Gook,  J.  F. 

Goyl^j  Ji  E. 
Grannier  i  R.  E, 
Grist,  F.  X. 
Eonahue.  P.  D, 


Senior  Thesis  Students  toontinued) 

Wawzonek,  J.  J. 
Weintraub,  A.  G. 


Assistants  and  Technitians 

Engler,  R.  R. 
Fitzgerald,  Bi  W. ,  Jr. 
French,  Marjorie  A, 
Gay,  H.  D. 

Grande,  Esther  D. 
Greenwood,  E.  L, 
Gregor,  C.  A. 

Bailett,  di  Gi 
Karas,  P. 

Kelly,  M.  Ai 
Kier stead,  J,  £>. 
Leonard,  E,  T. 

Major,  Diane 
McKenzie,  J.  A. 
McLean,  J.  J. 
Mitcheilj  w.  $i ,  Jf . 
Moiin,  A.  B- 
NeM*  Rv 
Noiund,  J.  F. 


Doeuinent  Roorn 

Hewitt,  ji  H. 

Hurvitz,  Rose  S. 
Laurendeau,  Carole  A, 


Navedonsky.  G-  P. ,  Foreman 
Donahue,  J-  B- 


Keefe,  J.  B.,  Foreman 
Barnet,  F-  J- 
Bletzer,  Pi  W- 
Brennan,  J. 

Buniek,  F.  J. 

Cabral,  M,,  Jr, 


Amidon,  Willa  T. 


Drafting  Room 

Elliot,  Claire  L, 


Machine  Shop 

Garter,  G-  E- 
Daniels,  W,  M, 
Gibbons,  W-  D. 
Liljeholm,  F.  H 
Marshall,,  J-  Ji 
Muse,  W.  J, 


Secretaries 
Barron,  Gladys  G. 
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Wende,  0  .  D, 
Winsor,  N.  K. 
ZilleS,  S.  N. 


North,  D.  K. 
Overslvizen,  T. 
Papa,  Di  G. 

Peck,  Ji  Si 
Porcaro,  Ri  J, 

Pyle,  Gynthia  M. 
Samson,  Pi  Ri 
Schwabe,  Wi  J. 
Sears,  A,  R. 

Smith,  Gabrielia  W. 
Soiomcn,  Ri  Wi 
Spraguej  L.  Ei 
Strond,  Marion  Bi 
ThoniipsGh,  D,  S. 
TOrtoiano,  A,  Ji 
Weiss,  Auriee  VI 
Yaffee,  M,  A. 

Yee,  Fi  Q. 


Porter,  Jean  M. 
Rollins,  I,  E. 


Reimann,  W, 
Ryan,  J,  F. 
Sanromj,  J,  B, 
Shmid,  E. 
Smart,  D.  A. 
Tucker,  G.  L, 


Bertozzi,  Norma 


PERSONNEL 


Blais, i  Gis  ele  Gi 
Boyajian,  Jiidith  A. 
Browrij  Eileen  A. 
BriinettOi  Deberah  A. 
Canniff-  Katbieen  Ai 
Carbdnej  Angeilna 
Cavanaugh,  Mary  C . 
Ghapman,  Carol  A. 
Cormier,  Bertha 
CfimmingSj  Anne  F. 
Daly,  Marguerite  A, 
Dordohii  Joan  M. 
Epsteinj  Elinor  F. 
Gaibraithi  Joan  B, 
Gazan,  Margaret  M. 


Barnes,  B,  Ai 
Flemingi  Patricia  L. 


DpirOn,  E.  J, ,  Foreinan 
Audette,  A.  G- 
Haggerty.  R.  K- 


Lor  den,  G.  J. ,  Foreman 
Cakleo,  D,  W, 


Staff 

Rosebury,  F. 

Ryan,  L,  w. 


Secretaries  (continued^ 

Geller,  Elaine  J , 
Gordoni  Linda  iS. 
Greiilachi  Vlclci  E. 
Haili  Nancy  K. 

Hail,  Sandra  T. 

Healy,  Sylvia  k, 
Johnson,  Barbara  A, 
Johnson  Judith  N, 
KaioyanideS,  Veaetia 
Keim  ,  Norm  a  R  . 
LannOy,  Doris  E, 
Lepore,  Elaine  C . 
Litchmani  Sandra  H. 
Loeb,  Chariotte  G. 
MoEhteei  Doris  C> 


Technical  Typists 

katan,  Ann 
Levini  L. 
i^vine,  Ri  1. 


Stock  Rooms 

Joyge,  T.  F. 
LucaSi  W.  G. 
McDcrnaptt,  J.  F. 
Masszi,  L.  N, 


Teehnicians'  Shop 

DiPietro,  P.  J. 
Fownes,  Marilyn  R. 
Howell,  W,  B. 


Tube  Laboratory 

Glass  Blowers 

DiGiaeomo,  R.  M. 
Doucette,  W,  F. 


Morheault,  Beverly  A. 
Morneault,  Diane  M. 
Oraansky,  Betsey  G. 
PetOne,  Rosina  G. 
Pettee,  Lorraine  M. 
Rose,  Martha  G, 
Scaileri,  Mary  B. 
Scanlon,  Dorothea  G . 
Scherr,  Marsha  H. 
Smiih,  Clare  F. 
Solomon,  Cynthia 
Staffiere,  Rose  Carol 
Thom  son,  Susan  M. 
ToebeS,  Rita  k, 

Vesey,  Patricia  A. 


Lombard,  Mary  C, 
Rabkin,  W,  I. 


Riley,  j,  F. 
Sharib,  G. 

Sinouk,  J. ,  Jr. 


Lander,  H,  J. 

Mae  Donald,  k,  B. 


Technicians 

AuceUa,  Alice  A, 
Griftin,  J  .  L. 
Leach,  G,  H, ,  Jr. 
MacDonnld,  A.  A. 
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PUBLiGATIONS  AND  REPORTS 
MEETING  papers  PRESENTED 

AnnasLl  General  Meetings  Australian  Mathematical  Society,  Sydney,  N.  S.  W, ,  Austraiia 
August  17,  1962 

M,  A.  Arbib,  Monogenic  Normal  Systems  Are  UniversM 

International  Symposium  On  information  Theory,  Free  University  of  BrUSSeis,  Belgium 
September  2-7,  1962 

G.  Ls  Ger stein.  Mathematical  Models  for  the  Ail-or-None  Activity  of  Some  Neurons 

M.  C.  GoOdail,  GognitiOn  as  Two-Way  GommunicatiOn 

D.  A.  Huffman,  The  Generation  of  Impulse -Equivalent  Pulse  Trains 

Fourth  International  Gongress  on  Microwave  Tubes,  The  Hague 
September  3-7,  1962 

A.  Bers,  Waves  on  Electron  Beams  of  High  Gharge  Density 
Hi  Ai  Haus,  Quantum  Noise  in  Linear  Amplifiers 

AGM  1962  National  Gonferenee,  Syracuse,  New  York 
September  4-7,  1962 

V,  H.  Yngve,  Toward  Better  Programming  Languages  (invited) 

Syniposium  on  MagnetopiasmadynamiG  EleGtrlGal  Power  Generation,  King's  College^ 
tiniversity  of  Durham,  Newcastle -On- Tyne,  England 

September  6-8,  1962 

W.  D.  Jackson  and  E,  S.  Pierson,  Operating  Gharacteristics  of  the  MSP  induction 
Generator 

American  Chemical  Society  One  Hundred  Forty-secpnd  National  Meeting,  Atlantic  City, 
New  jersey 

September  9^14,  1962 

G.  G.  Hammes  and  P.  Fasella,  A  Kinetic  Study  of  Glutamic -Aspartic  Transaminase 

G,  G.  Hammes  and  j,  L,  Steinfeld,  Relocation  Spectra  of  Metal  Complexes  in 
Aqueous  Solution 

International  Congress  of  Surgeons,  New  York 
September  IQ,  1962 

N.  Y-S.  Kiang,  Electrical  Responses  from  the  Auditory  Ne^’ve  Recorded  by  Means 
of  Gross  and  Microelectrodes  (invited) 


MEETMG  papers  presented  feontinu^l 

XXR  ihtefnationM  Gbrigress  of  PhySiOiogiOal  SGiences,  Leiden,  The  Netherlands 
September  iO-17,  1962 

L.  Stark,  A  Servoanalytic  GonGept  of  the  Rigidity  of  Parkinson  Syndrome 

+H 

VIH*“  International  Gonferertee  On  Low  Temperature  PhysicS,  Queen  Mary  Gollege, 
University  of  London,  London,  England 

September  16-22,  1962 

M,  S.  Dresseihaus,  D.  H,  DOuglass,  Jr. ,  and  R.  L*  Kyhl,  Measurement  of  the 
Maghetie  Field  Dependence  of  the  SurfaGe  ImpedariGe  of  SupercondUGting  Tin  at  X- 
band 

Righ-Power  MiGrowaye  Tube  Symposium,  U.  S,  Army  Signal  ResearGh  and  Development 
Laboratory,  Fort  Monmouth,  Nevif  Jersey 

September  25,  1962 

L.  B.  Anderson  and  A,  Bers,  A  Broadband  Megawatt  Hollow-Beam  MuitiGavity 
Klystron 

AlEE  Fall  General  Meeting,  Ghicago,  Illinois 
Gctober  7-12,  1962 

Wi  Di  jaekson,  Liquid  Metal  Faradayf.type  MMI)  Generators 

National  EieGtroniGs  Gonferenoe,  CbiGagO,  lliinOis 
Qotober  IQ,  1962 

I,  M.  Jaeobs,  Method  and  Merit  of  Binary  Coding  for  Analog  Ghahneis  (invited) 

Fifteenth  Gaseous  EleGtreniGs  Conference,,  Boulder,  Colorado 
Gtetober  10,12,  1962 

J.  F,  WaymOuth,  The  InfluenGe  Of  lOn  Temperature  on  Langmuir  Probe  Gharaeter- 
iStics 

Gtolaryngology  ResearGh  Seminar,  MassaGbusetts  Eye  and  Ear  Infirmary,  Boston, 
MasSaehusetts 

October  11,  1962 

J.  S,  Barlow,  Some  Studies  On  Eye  Movements  in  Relation  to  Vestibular  MeGhanisms 
in  Man  (invited) 

Fortieth  Annual  Meeting  of  the  New  England  Section  of  the  AmeriGan  Society  for  Engi'^ 
neering  Edueatipn,  Dartmouth  College,  Hanover,  New  Hampshire 

October  13,  1962 

M.  H,  GDldstein,  Jr, ,  Chairman  and  Diseussant  of  the  Engineering  Life  Seienees 
Session  on  "The  Biomedical  Engineer  ^Does  He  and  Should  He  Exist?*!  (invited) 
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meeting  papers  PRESENtED  (eontinued) 

AIEE  Professional  Group  bn  Engineeringi  Writing,  and  Speech  Meeting,  Massachusetts 
Institute  of  Technology,  Gamteridgei  Massachusetts 

Octoher  24,  1962 

V.  Hi  Yngye,  GompUter  Programs  for  Translation  tfdvited) 

Symposium  on  PyridOxal  Gatalysis,  Rome,  Italy 
-October  25;- 31,  1962 

G.  G.  Hammes  and  P,  Faselia*  The  Mechanism  of  Enzymatic  Transamination 

Linguistic  Colloquium-,  Ohio  State  University,,  Columbus,  Ohio 
October  26,  1962 

Ei  S.  Klima,  Problems  in  Grammatical  Analysis  (invited) 

Seminar,  Computation  Laboratory,  Princeton  GniVersity,  Princeton,  New  Jersey 
Oetober  29,  1962 

Mi  Eden,  Production  and  Recognition  of  Handwriting  (invited) 

Fifteenth  Annual  ConferenOO  on  Engineering  in  BioiOgy  and  Medicine,  Chicago,  nltnois 
November  5^7,  1962 

j.  S.  Barlow,  Analysis  of  Control  of  Eye  Movements  in  Man  by  Means  of  Autocorre* 
lation  and  Crosscorreiation  (invited) 

j.  C,  Houk,  Jr.  and  L.  Stark,  An  Engineering  Model  Of  Motor  Coordination  in  Man 
(invited) 

L.  Ri  Young  and  L*  Stark,  Discontinuous  BiOlogicM  Control  The  ^e  Movement 
System  (invited) 

Sixteenth  Annual  Northeast  Electronics  Research  and  Engineering  Meeting,  Boston, 
Massachusetts 

November  5-7,  1962 

J,  B,  Dennis,  TimeT-Shared  Operation  of  a  Small  Computer 

G.  Fiocco,  Some  Applications  of  Optical  Radar  to  Astronomy  and  Geophysics 

H.  A.  Haus  and  J.  A.  Mullen,  Photon  Noise 

L.  D.  Smullin,  strong  Beam- Plasma  interactions 

Sixty-fourth  Meeting,  Acoustical  Society  of  America,  Seattle,  Washington 
November  7-10,  1962 

D,  M,  Green,  Masking  with  Two  Sinusoids 

U,  Ingard,  Sound  Radiation  from  Perforated  and  Other  Pervious  Vibrating  Surfaces 
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MEETING  PAPERS  PRESENTEH])  (eofitinUed) 

Lecture,  University  of  Minnesota  Mediieal  School,  Minneapolis,  Minnesota 
November  8,  1962 

J.  S.  Barlow,  Models  of  Gircadian  Rhythms  (invited^ 

Lecture,  Gambridge  State  School  and  Hospital,  Cambridge,  Minnesota 

November  9,  1962 

J.  Si  Barlow,  Studies  on  Periodic  Phenomena  in  the  EEG  (invited) 

Seminar,  Department  of  Biophysics,  Johns  Hopkins  University  Medical  School, 
Baltimore,  Maryland 

November  1?,  1962 

Ni  Y-S.  Kiang,  Analysis  of  Responses  in  Single  Auditory  Nerve  Fibers  (invited) 

American  Rocket  Society  Meeting,  Los  Angeies.  Galifornia 
November  13,  1962 

Li  Stark  and  L,  R.  Young,  Defining  the  Human  Equatioh  (invited) 

First  Congress  on  the  Information  ^Stem  SoiehCes,  Hot  Springs,  Virginia 
November  19-21,  1962 

R.  Mi  Fano,  A  Heuristic  Discussion  of  PrObabiiiStic  Decoding  (invited) 

L.  Stark,  M.  Okajima,  and  G*  H,  Whipple,  Computer  Pattern  Recognition 
Techniques;  EleCtrO’CardiographiG  Diagnosis  (invited) 

American  Physical  Society  Meeiing,  Cleveland.  Ohio 
November  23^24,  1962 

Ti  S.  JaSeia,  A-  Javan,  J.  Murray,  and  G.  H.  Townes,  Stability  and  Resettability 
of  He-Ne  MaserS 

Long  Island  Chapter  IRE  ProfesSipnal  Group  on  Microwave  Theory  and  Techniques 
Meeting,  Long  Island  City,  New  York 

November  27,  1962 

P.  Penfleld,  Jr. ,  Some  of  the  Less  Exotic  Varactor  Applications 

Seminar  on  Theoretical  Biology,  University  of  Maryland,  CDllege  Park,  Maryland 
November  28,  196? 

M-  Eden,  Generative  Models  of  Biology  (inyited) 
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MEETMG  i^PERS  PRESENTED  (continued^ 


Fourth  Annual  Meetings  Division  of  Plasma  Physics,  American  Physical  Soctetyi 
Atlantic  City,  New  jersey 

November  28  -  December  1,  1982 

S.  G.  Brown,  Far  Infrared  Studies  of  High-Density  Plasmas  (invited) 
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Introdiietion 

This  report,  the  sixty^eighth  in  h  sefios  of  quarterly  progress  reports  issued 
by  the  Research  LabOratOfy  Of  SectroMcS;,  Contains  a  review  of  the  research 
activities  of  the  iLaboratOry  for  the  three ^ in onth  period  ending  November  30,  1962. 
Since  this  is  a  ipreiiminary  report,  no  results  should  be  eonsidered  finali 

Following  our  Custom  of  the  past  several  yehrs,  in  this  issue  of  jahuary  15;, 
1963  We  preface  the  report  of  each  researcih  group  With  a  statement  of  the  ob.|eG>^ 
tives  of  the  group.  These  suffitnaries  Of  Our  alias  are  presented  in  an  effort  to  give 
perspective  to  the  detailed  reports  Of  this  and  ehSuing  quarters. 


RADIO  PHYSICS 

li  PHYSlCAli  EJLECTRONiCS 

Prof.  W.  Bi  Nottingham  Ji  L.  Coggins 

B.  L.  BiaekfOrd  L.  B.  Sprague 

RESEARCH  OBjECflVES 

1.  Theory  of  Energy  GonversiOn  Eledtronics 

The  effeetiveness  of  energy  eonversion  fey  tneans  of  thermionie  emission  from  an 
emitter  depends  upon  the  existenee  Of  a  suitafeie  diff  erenGe  in  wOrk-fUnctiOn  feetweeh  the 
emitter  and  the  eolledtors  Many  aspects  of  the  physics  of  electronics  are  involved  in 
this  application  and  need  to  fee  examined  in  considerafeie  detaili  with  theory  compared 
With  experiment.  Thermionic  converters  are,  at  present^  very  difficult  to  make.  The 
application  of  thermionic  -emission  theory  i  gas -discharge  theory,  and  space -charge  the¬ 
ory  all  contribute  to  a  better  understanding  of  the  phenomena  found  in  practical  convert¬ 
ers.  It  is,  therefore,  one  of  our  objectives  to  organize  these  various  feranches  of  physics 
and  relate  them  to  experimental  work  that  is  generally  carried  on  in  lafeoratorieSi 

2i  Work-Function  Determination  fey  the  Electron  Energy  Distribution  Method 

The  maintenahce  of  the  collector  work-function  at  a  low  and  controllafele  value  is  of 
prime  importance  in  the  design  and  Operation  of  an  efficient  thermionie  converter.  It 
is  not  enough  to  say  that  the  eOilector  Work-function  should  fee  the  absolute  minimum 
attaihable  because s  for  particuiat  surface  eonditiens.,  this  minimum  might  occur  oniy 
at  a  relatiyely  high  temperature  that,  in  turn,  WoUld  indicate  an  excessive  thermiGniC 
emiasion  from  the  collector.  It  is  important,  therefore,  to  deviSe  a  Scheme  for  deteri- 
fnining  the  GoileCtor  WOrk-funetion  f  or  ieleCted  surfaces  j  especially  single -Crystal  sur., 
faces,  in  the  presence  Of  cesium, 

The  experimental  method  that  is  feeing  used  het'e  involves  the  prodUctipn  of  electron 
emission  from  a  rifebon  filament  source,  Raraiiel  to  this  source  there  will  fee  three 
conducting  surfaces  with  a  single  small  circular  openiM  in  each  one,  so  lined  up  that 
electrons  eoilimated  fey  means  of  a  magnetic  field  wiii  fee  abie  to  pais  through  all  three 
of  these  apertures.  This  cOliimated  feeam  of  eiectronS  Will  then  impinge  on  the  collector. 
Which  is  similar  in  GonstructiOn  to  the  emitter*  The  part  of  the  Surfaee  that  receives  the 
beam  will  be  a  Single  crystal  With  a  aeieeted  crystallographic  orientation.  In  order  to 
determine  the  work-function  of  the  colieetor  by  this  means,  it  is  necessaiy  to  study  the 
eurrent-ivoltage  Characteristic  in  the  retarding  range  to  determine  the  characteristic 
temperature  that  describes  the  electron-energy  distributlQn.  This  temperature  must 
fee  the  same  as  that  of  the  emitter  for  the  experiment  to  be  correctly  mterpreted,  If 
this  test  proves  satisfactory,  the  work-fnhetion  of  the  collector  can  fee  determined 
directly  from  the  taiowledge  of  the  current  density  and  the  applied  Voltage.  In  order 
to  make  this  study  in  the  temperature  range  for  which  am  appreciable  electron  emission 
from  the  collector  Can  take  place  ,  the  center  diaphragm  of  the  three  can  be  modulated 
by  the  application  of  a  square-wave,  cutoff  potential,  auid  a  sharply  tuned  amplifier  esm 
detect  the  modulated  current  in  the  presence  of  a  considerable  ^ckground  of  direct 
current. 

d.  Adsorption  Properties  of  Single  Crystals  of  Tungsten  before  and  after 
C  arfeur  iz  ation 

Experiments  with  clean  tungsten  crystals  show  that  different  crystallographic  ori¬ 
entations  adsorb  cesium  with  specific  characteristics,  Generally  speaking,  the  (HO) 
direction  and  the  (H?)  direction  hold  cesium  best.  This  is  indicated  fey  the  fact  that  at 
a  given  cesium  pressure  these  originally  high  work-function  surfaces  become  the  lowest 
of  ail.  Experience  in  the  field  of  thermionic  emission  from  thoriated  tungsten  has  led  to 
the  commercialized  technique  of  carburizing  the  surface  layer.  After  carburization, 
this  layer  holds  thorium  better  than  it  did  before.  The  purpose  of  this  experiment  is  to 
find  out  whether  or  not  surface  treatment  of  tungsten  csm  create  a  situation  in  which 
cesium  will  hold  on  to  give  a  suitably  low  work-function  at  a  very  high  temperature  and 
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lidt  also  require  an  excessive  arrival  rate  of  cesium^ 

SeleGted  tungsten  wire  can  be  ^lished  and  processed  in  such  a  manner  as  to  make 
long  single  Ciystals  grow  in  the  Wirei  'liiese  Single  crystals  exhibit  all  of  the  available 
crystal  directions  that  combine  as  (I lx),  with  x  taking  on  values  from  zero  to  iitfinily. 
The  electron  emission  is  seen  On  a  cOncerttrie  fluorescent  Screem  After  the  crystal  is 
grown  and  its  orientation  determined*  it  can  be  Garburizedi  Cesium  is  then  admitted 
and  the  emission  pattern  reinvestigated  to  See  to  What  extent  the  Garburization  has  influ¬ 
enced  the  adsorption  properties  of  the  single  crystals 

4.  Cesium  ionization  On  a  Thoriated  Filament 

Surface  ionization  of  cesium  depends  on  the  effective  WOrk-fimction  of  the  surface 
and  its  temperatures  The  total  number  Of  ions  produced  depends  also  on  the  arrival 
rate  of  cesiums  Under  most  conditions ,  the  work-function  itself  depends  on  the  Gesium 
arrival  rate  and  temperature  and,  therefore,  it  is  very  difficult  to  evaluate  the  influ¬ 
ence  of  the  wOrk-funCtion  itself  .  A  thoriated  tungsten  filament  can  be  Controlled  t©  have 
an  effective  work-sfunetion  between  ~  3  electron  volts  and  '‘4.  5  electron  volts.  After 
having  brought  about  the  activation*  its  temperature  can  he  raised  sttfficiently  high  SO 
that  practically  no  cesium  atoms  stick  to  the  surface  if  the  cesium  pressure  is  not  too 
high,  and  also  no  additional  thorium  activation  takes  place.  It  is  the  purpose  of  this 
experiment  to  try  to  evaluate  qualitatively  at  least,  and  quantitatively  if  possible,  the 
direct  influence  of  the  surface  Work-function  On  the  cesium  ion  production  rate. 

5.  McLeod  Gauge  Evaluation 

‘Vacuum  teGhnology  depends  on  there  being  some  good  standard  of  pres  sure  measure - 
nient  as  a  means  of  Gaiibration  for  measuring  device#  that  depend  On  other  phenomena 
and,  in  partlcuiar,  depend  On  the  ionization  that  takes  place  in  an  ion  gauge.  There  has 
been  rea#on  to  believe  that  the  McLeod  gauge,  which  depends  on  the  application  of  Bible's 
taw,  doe#  not  always  yield  result#  as  unambiguous  as  desired.  An  experiment  is  under 
way  to  test  two  McLeM  gauges,  One  against  the  other,  when  both  are  constructed  as 
nearly  alike  as  possible.  This  com^mison  Will  be  made  With  a  static  system,  in  con¬ 
trast  t©  a  later  comparison  that  will  be  made  with  gas  flowing  through  apertures.  The 
scheme  involves  the  control  ©f  gas  flow  from  a  high-pressure  region  to  a  medium- 
pressure  region  auid,  finally,  to  a  very  ioW-preSSure  region.  One  McLeod  gauge  can 
be  cadibrated  against  another  in  terms  of  the  areas  of  the  apertures  that  connect  these 
regions.  It  is  the  objective  of  this  research  to  try  to  evaluate  the  influence  of  capil- 
lari^  and  Other  disturbances  that  may  make  the  McLeod  gauge  inaccurate  in  unexpected 
ways, 

W,  B,  Nottingham 


A,  TEMPERATURE  DEPENDENCE  OF  ELECTRICAL  LEAKAGE  CAUSED  BY 

CESIUM  ON  GLASS 

Experiments  concerned  with  the  measurement  of  small  currents  (electron  emission, 
ion  emission,  and  so  forth)  in  the  presence  of  cesium  vapor  are  often  harassed  by  elec¬ 
trical  leakage  caused  by  cesium  atoms  which  adsorb  on  the  glass  walls  and  presses  of 
the  tubes  The  adverse  effects  of  this  leakage  are  commonly  reduced  by  raising  the  glass 
temperature  and  by  the  use  of  "guard  rings."  The  experiments  reported  here  relate 
specifically  t©  the  quantitative  investigation  of  the  effect  of  glass  wall  temperature  and 
cesium  bath  temperature  on  the  leakage  resistance. 
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l  i  fixpef  iinentEd:  Arrangement: 

The  experimental  tuhe  is  sketched  in  Figi  I-li  Potentials  of  0^45  volts  are  applied 
aerOsS  ttie  two  eleGtrodes  and  the  corresponding  currents  measured  with  a  sensitive  de 
electrometer;.  The  entire  tube  is  'contained  in  a  shielded  temperature -regulated  oven. 


r~ — \ 


TUNGSTEN  PRESS 
iLE«DS 


RtATINUM  BAND 


-DiAMETER  7.0  QUi- 


3.9  GM 


.  PLATINUM  BAND 


.  PYREX  GLASS 
NO.  ?740 


jGESium  appendix 


Fig,  I-l,  Experimental  tube. 


The  cesium  appendix  is  immersed  in  a  water  bath  whose  temperature  is  regulated  inde¬ 
pendently  of  the  oven.  The  enlarged  section  of  the  tube  is  equipped  with  a  heating  tape 
powered  by  direct  current  to  avoid  pickup  in  the  electrometer  circuitry. 

The  oven  temperature  is  always  maintained  higher  than  that  of  the  cesium  bath  so 
that  the  pressure  in  the  tube  iS  controlled  by  the  bath  temperature- 

2,  Experimental  Results 

The  leakage  values  are  characterized  by  a  quantity  p  which  denotes  the  resistance 
of  a  square  of  the  cesium  covered  glass  surface.  The  resistance  R  of  a  rectangular 
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shaped  surface  is  given 

pi 

(1) 

d 

where  i  is  the  length  parallel  to  the  current,  and  d  the  length  in  the  perpendicular  direc 
tiotti 

Figure  1-2  shows  p  ^  as  a  function  of  the  glass  temperature  T>^  at  two  different  values 

Of  cesium  bath  temperature  ,  It  is  seen  that  p  has  an  exponential  dependence  on 

OS  s 

l/T/,  for  Ti-,  less  than  100“ Cj  and  that  the  constant  in  the  exponential  is  nearly  indepenh- 
'  G  G  ,  ,  . 

ent  of  T^.  in  the  measured  temperature  range.  The  decrease  of  p  at  the  higher 
cs  p 


^  *  10"?  (K^) 

i<3 


Fig,  1-2.  Resistance  of  a  square  as  a  function  pf  glass  temi)erature 
at  two  values  of  cesium;  bath  temperature.  Tq  varies 
from  30 *0  to  400 “C.  ^ 
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temperatures  is  caused  toy  leakafe  ttirough  the  glass  itself  father  than  acf oss  the  suffaGe. 
This  statement  was  verified  by  measurements  made  bn  the  bare  glass  before  cesium  was 
admitted  into  thb  tubei  At  the  lowest  value  of  Tq  and  Tj^g  a  waiting  jperiod  of  several 
hours  is  required  for  the  leakage  eurf  ent  to  increase  to  equilibrium  when  the  glass 
is  free  Of  cesium  initially.  The  fact  that  both  curves  do  not  approach  the  same  value  at 
high  temperatures  is  assumed  to  be  due  to  a  permanent  reaction  that  occurs  between  the 
glass  and  cesium  during  high-temperature  operation.  Evidence  for  this  assumption  is 
Obtained  from  an  earlier  curve  taken  at  T^  =  23  °C.  It  had  a  maximum  yalue  of  r  approx- 
imately  three  times  greater  than  the  curve  for  Tgg  =23®C  in  Fig.  1-2.  This  earlier 
Curve  is  not  reported  here  because  it  represents  nonequilibrium  data  at  the  lOw  values 
Of  Tq*  The  data  at  T^^  =  65 ‘C  were  taken  after  those  at  T^^  =  23 'C. 


Fig.  1-3.  Resistance  of  a  square  as  a  function  of  cesiUm  bath 
temperature  at  two  values  of  glass  temperature.  T„ 
varies  from  20 “C  to  65 ‘c. 


Figure  I.-3  shows  as  a  function  of  T^^  at  two  different  values  of  Tq,  Here  again 
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(I.  PHYSICAL  ELECTROISIGS) 


iP^  depends  exponentially  dii  i/T^g  but  the  slope  has  a  hotieeabie  dependence  pn  Tq^  At 
T.q  =  74 ®C,  ;Pg  is  approxiinately  proportional  to  the  square  of  the  Gesiuin  vapor  pressure; 
this  indicates  that  p  is  strongly  dependent  on  atona  arrival  rate. 

Regarding  the  ainount  of  cesiuni  present  On  the  glass  surface  at  given  values  of  Tq 
and  'Tgg*  a,  Siinple  interpretation  of  the  data  gives  evidence  that  the  coverage  is  sOnaewhat 
less  than  a  rnonolayer  in  the  teSaperature  ranges  of  Fig.  1-3  ^ 

Photocurrents  were  observed  when  the  tube  was  subjected  to  external  light.  With 
ordinary  rootti  light  they  are  of  sueh  magnitude  as  to  mask  the  leakage  Gurrent  at 
T^s  23°C  and  Tq  above  Idd'C.  This  made  it  necessary  to  take  the  data  with  the 
tube  shielded  from  all  light.  Several  simple  experiments  gave  eVidenGe  that  these  photo- 
currents  are  produced  by  photoemission  of  electrons  from  the  Gesitnnmpvered  glass, 
partieuiarly  in  the  regions  near  the  electrodes. 


3-,  Summary 

The  significant  residts  of  this  report  can  be  eonyeniently  summarized  as  follows, 
(a)  useful  data  relating  elcetricai  leakage  across  ceslum-cOvered  glass  surfaces  to 
glass  temperature  and  cesium.i.bath  temperature  have  been  obtained  for  a  limited  range 
of  temperature,  (b)  Photocurrents  capable  of  maskmg  leakage  currents  over  a  large 
temperature  range  were  observed. 

Further  work  with  cerainie  sarl.aces  used  is  planned.  This  will  allow  data  to  be 
obtained  over  a  larger  temperature  range, 

B.  L,  BLackford 
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is.  SOFT  X-RAY  SFEGTROSGOPY 


PrQfi  Gi  G.  Harvey  F.  Hi  Byers  Si  R.  Reznek 

Prof.  Ki  Wi  BiMman  J..  B.  Lastovka  N.  K.  Winsot 


RESEARCH  OBJEGTIVES 

The  soft  x-ray  spectroscopy  program  has  as  its  objective  the  experimental  Study  of 
the  structur  e  of  the  conduction  band  Of  electrons  in  a  Series  of  metals,  particuiarly  the 
alkalis.i  aikaiine.  earths,  and  some  Of  the  transition  metals .  The  filled  portion  Of  such 
a  band  Gan  be  Studied  by  observing  the  emission  spectrum  produced  by  transitions  from 
this  band  to  the  hearest  available  sharp  ieVels  below  this  bandi  In  most  metalS  this 
Corresponds  to  an  energy  in  the  range  1S-2B6  eV  (waveiength  in  the  range  50-900  A),  so 
that  techniques  of  extreme  ultraviolet  vacuum  spectroscopy  need  be  applied.  The  energy 
widths  of  these  bands  usually  lie  in  the  range  2-iO  eVi 

In  order  to  avoid  the  serious  contamination  of  the  metal  that  is  being  investigated, 

which  arises,  in  a  Conventional  system,  an  ultrahigh  vacuum  (5X10”^^  TOrr,)  spectrometer 
has  been  Gonstructedi  Another  feature  of  the  device  is  the  elimination  of  a  grating  as  a 
dispersion  element.  This  is  accomplished  through  the  use  of  a  rteutrai  atomic  beam  from 
which  photoeleetrons  are  ejected  upon  soft  x-ray  bombardment.  The  photpelectron  ener¬ 
gies  are  then  analyzed  With  a  low-energy  electron  speGtrometer .  This  instrument  is  still 
under  development  . 

Another  objective  Of  the  group  is  to  investigate  metals  in  view  Of  recent  theoretical 
advances  in  the  ''  many* body  fotmdlction "  Of  solids.  The  experimentai  consequences 
of  this  theory  should  be  evident  in  the  vplumetric  phptpelectric  effect,  in  spft  X-ray 
emissipn  and  abssrptipn  Spectra,  and  in  reflectipn  and  transmission  experiments  iii  this 
wavelength  range , 

An  experiment  perfprmed  recently  on  the  vplumetric  photPeiectriG  effect  in  nickel 
was  nicely  interpreted  in  view  pf  the  plasma  oscillatiPhs  in  a  metal,  which  are  predicted 
by  this  many-bcdy  theory,  A  curreht.  effort  is  to  observe  plasma  radiatipn  from  a  thin 
film  in  which  the  valence  electrons  are  undergoing  cpllectiVe  oscillations .  ^rther 
experiments  alpng  these  lines  are  contemplated,  A  mpdificatiOn  of  existing  apparatus 
is,  being  made  to  allpw  ultrahigh  vacuum  conditions  to  prevail  So  that  data  obtained  can 
be  interpreted  as  being  due  to  the  metal  specimen,  rather  than  to  Contamination  which 
so  often  obscures  the  results  in  the  soft  x-ray  wavelength  region, 

G,  G,  Haryey,  K.  W,  BiHman 
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III.  X-RAY  DIFFRACTION  SYtelES 


■  Prof.  B.  E.  Warren 
K.  Haruta 

RESEARCH  objectives 

We  are  working  on  the  appMeation  of  x-ray  diffraction  method s  to  the  study  Of  .prob  ¬ 
lems  of  interest  in  solid  state  .physics.  Applications  of  current  interest  are: 

1.  The  determination  of  interatomic  force  constants  and  frequency  distributions  in 
simple  struetures  from  a  measurement  of  the  temperature  diffuse  .scattering  of  x-rays. 

2.  Measurement  of  long-range  and  short-range  Order  parameters  in  binary  alloys 
that  show  order -disorder  Ghanges. 

3.  Studies  of  the  imperfections  that  Gharacterize  the  structures  of  real  materials; 
in  partiGulari  the  nature  of  cold  work  in  a  deformed  metal.  Changes  in  integrated  inten- 
sitieSi  peak  broadening,  and  peak  shifts  are  used  to  measure  domain  sizes,  strains,  and 
fauiting-.  Present  emphasis  is  on  the  use  of  Ordered  alloys  such  as  Cu^Au  in  which  there 

are  both  fundamental  and  super struclime  reReetions.  The  Superstructure  reflections 
are  much  more  sehsitiye  to  cold  work,  and  give  considerably  more  information  than  the 
x-ray  reflectiohs  from  ah  element. 

B.  E.  Warren 
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IV.  ipRYSfCAij  Chemistry 


Prof.  C.  Wi  Carlaitd 
J..  :S.  Jones 


RESEARCH  OBJECTIVES 

There  is  a  variety  of  proM'erns  in  the  physios  and  chemistry  of  solids  in  which 
phOnonS  (lattice  vibrations);  play  an  important  role.  The  theory  of  iattiee  dynamiOS  can 
fee  used  to  calculate  dispersion  eiirveS,  the  vibrational  frequency  speCtrumi  and  the  bulk 
thermodynamic  properties  of  a  crystalline  material  if  appropriate  interatomic  force 
constants  are  knoiroi  The  adiabatic  elastic  constants  Of  a  Single  ciystal  can  be  measured 
with  high  precision  fey  ultrasonic  puiSe  techniques .  Such  constants  provide  direct  infor¬ 
mation  about  the  dispersion  curves  and  frequency  S;peetrum  at  low  frequencies, >  and  thus 
determine  the  low -temperature  thermal  properties.  They  also  provide  a  way  of  testing 
or  evaluating  the  force  constant  parameters  in  various  force  models  of  a  Solid. 

Considerable  emphasis  has  been  given  to  studies  of  highly  anisotropic  soiids,j  such 
as  cadmium  and  zinc,  which  have  nonideal  hexagonal  close-packed  structureSi  In  these 
cases;,  data  at  liquid-helium  temperatures  determine  the  harmonic  eontrifeutiOn,  while 
the  temperature  variation  is  related  to  anharmonlc  effects.  Recently,  attention  has  been 
focussed  on  the  elastic  properties  of  erystais  near  iambda-point  transitions.  Thefe  are 
"anomalous"  ehanges  in  the  elastic  constants  of  a  solid  such  as  NH_|G1  near  the  critical 

lemperature  for  an  order-disorder  transition.  The  various  independent  eiastic  eonstants 
of  a  single  crystal  behave  quite  differently  jn  the  vicinity  ©f  a  lambda  point:,  and  such 
diffef enCes  gpe  related  to  the  dela:iled  structural  changes  that  occur  and  the  nature  of 
the  interatomic  forces  involved. 

C.  W.  Garland 
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V. 


BIOPHYSIGAL  GHEMStRY* 

I^ofi  G.  G.  Hammes 
Dr.  ij.  J.  Burke 


RESEARGH  OBJEGfIVES 

In  recent  years,  considerabie  effort  has  been  expended  in  the  elUGidation  of  biOchern- 
ical  mechanisms  by  utilizing  physical  chemicai  techniques.  This  project,  while  we  are 
still  making  use  Of  general  physical  Chemical  techniques,  is  primarily  concerned  With 
kinetic  studies  of  chemical  reactions  Of  biochemicai  interest.  Techniques  have  recently 
been  deveioped  Which  permit  the  Study  of  chemical  reactions  with  half  times  as  short  as 

5  X  10  seci^  The  advantage  of  being  able  to  carry  out  kinetic  studies  over  an  extended 
time  range  is  that  the  entire  course  of  a  chemical  reaction  can  be  observed.  Since  reac¬ 
tion  intermediates  are  directly  detected,  detailed  chemical  mechanisms  can  be  obtained. 

In  order  to  better  understand  complex  biological  reactions,  the  behavior  of  some 
simpler  model  systems  is  being  investigateds  This  work  includes  studies  of  the  inter¬ 
actions  of  metal  ions  with  amino  aCidS,  peptides,  and  polymers  in  an  effort  to  try  and 

....  2  - 

upderstand  the  role  of  metal  ions  in  enzyme  catalysis.  Also,  since  macromolecules 

are  of  extreme  importance  in  biological  systems,  chemical  processes  involving  simple 
polyrners,  poiypepides,  proteins,  and  polynucifeotides  are  being  examined,  particularly 
with  regard  to  possible  fast  conformational  changes , 

In  addition  to  model  systems,  several  enzymatic  systems  are  being  Studied.  Fast 

_  3 

reaction  tecteiques  have  already  yielded  a  detailed  mechimism  for  one  enzyme  system 
and  results  for  other  systems  wiil  be  available  soon.  Aiso,  the  catalytic  role  of  the 
macrornolecule  is  being  explored. 

By  coupling  kinetic  studies  with  known  information  about  molecuiar  strUetures,  it 
Ultimately  should  be  possible  to  Understand  enzymatic  mechanisms  on  a  molecular  basis. 

G,  G-  Hammes 
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VI,  MICRdWAVE  SPECTROSCOPY* 


Prof.  M,  W,  P,  Strandberg 

R.  'HuibOnhoa 

Mahin  Rahmiani 

Prof.  R,  L.  Kyhl 

J,  G,  ingersoll 

W.  J.  Schwabe 

J,  M.  Andrews,  Jr, 

P,  F,  Kelleh 

J,  R,  Shane 

J,  G.  Burgiel 

J.  D,  KiOr stead 

N,  Tepley 

Y.  H,  Chu 

S.  H,  Lerman 

G.  F,  Tomes 

D.  W,  Covington 

J.  W.  MayO 

S.  H,  Wemple 

RESEARCH  objectives 

During  the  past  yearj  electron  paraniagnetiG  resonance  studies  in  solids  have  con¬ 
centrated  on  the  interaOtion  processes  within  the  spin  system  and  between  the  spins  and 
the  lattice.  A  detailed  analysis  of  the  line -broadening  mechanism  and  line  shape  in  ruby 
has  been  completed  and  gives  a  very  satisfactory  interpretation  of  experimentally 
observed  line  shapes,  Spin-lattice  relaxation  studies  have  continued;  apparatus  for 
generation  of  coherent  microwave  phonons  has  been  constructed  and  is  now  operating  in 
an  under standable  fashion.  Electron  paramagnetic  resonance  (EPr)  techniques  were 
used  as  a  sensitive  detection  mechaHism  for  recombination  studies  in  gases.  An  appli¬ 
cation  of  a  detailed  undersianding  Of  the  phySicS  of  electron  paramagnetism  to  miCrO- 
Wave  maser  technology  was  successfully  concluded  with  the  operation  of  a  broadband 
cavity  maser  at  x-band. 

In  a  different  direction,  a  series  of  studies  of  superconductivity  in  thin  films  was 
carried  out  and  the  microwave  measimement  techniques  developed  for  EPR  were  applied 
to  the  measurement  of  rnierowave  surface  impedance  of  superconduetors, 

The  direction  that  our  work  will  be  taking  in  the  future  will  include  not  only  further 
EPR  studies  but,  to  an  increasing  degreei  studies  On  metals  and  supereonductors.  The 
work  now  in  progress  on  spin--iattice  relaxation  Should  Gonfirm  our  basie  tmder Standing 
of  this  prOeeSS  and  demonstrate  the  way  to  obtain  meaningful  connection  between  theofy 
and  ejmefirnent.  Our  maser  work  and  other  recent  studies  indicate  lack  of  under- 
stan^ng  of  basic  Cross  -reiaxation  behavior  in  dilute  paramagnetic  systems,  We  hope 
to  resorve  some  of  these  difficulties  to  aiiow  use  of  this  tool  to  obtain  further  physical 
information. 

A  major  effort  will  be  concentrated  on  the  coherent  phonon  worki  which  will  be 
extended  for  the  study  of  metals  and  semiconductors  because  it  is  such  a  useful  source 
Of  information,  especiaily  for  the  metallic  state.  There  is  no  doubt  that  information 
that  is  useful  for  understanding  the  physics  of  metals  is  obtainable  with  electromagnetic 
radiation  in  Other  spectral  regions  from  the  soft  X-ray  region  {on  Which  research  haS 
been  eamried  out  by  another  group  at  the  Research  Laboratory  of  Electronics;  see 
Section  11),  through  the  opticar  region,  tq  the  microwave  region.  We  are  now  carrying 
out  preliminary  esperiments  on  metal  plasmas  in  the  optical  region  using  a  luser  source 
this  we  hope  will  encourage  further  effort.  The  microwave  surface  impedance  studies 
using  our  high  speed  plotter  have  shown  that  very  useful  informatipn  is  available  from 
surface  impedance  studieSi  and  We  hope  to  extend  this  work  with  improved  apparatus 
and  the  use  of  the  facilities  of  the  National  Magnet  Laboratory,  especially  fpr  the  study 
of  the  effect  of  magnetic  fields  on  the  surface  impedance  ^  mpnotonic,  respnant  or 
oscillatory  r-  pf  or-dinary  metals.  These  studies  will  require  strong  support  on  the 
theoretical  side  both  in  our  group  and  from  other  groups  at  M,  I.  T.  and  elsewhere. 
This  means  that  this  program  is  large  not  only  in  effort,  but  also  in  time  scale. 

M.  W.  P,  Strandberg,  R.  L.  Kyhl 


% 
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VIA.  OPTIGAL  AND  INIi^ARED  MASERS 


Prof.  Gi  H.  Townes 
Prof.  A.  Javan 
Rs  G.  Addison,  Jr. 
R.  Yi  Ghiao 


Eis  a  M.  Gar  m  i  r  e 
T.  S.  Jaseja 
j.  H.  Parks 


M.  R.  Pearlmaii 
H.  SchlpsSberg 
S.  R.  Stokowski 
A.  SzOke 


researgh  objectives 

This  reSearGh  .program  on  dptiGal  atid  infrared  masers  is  a  broad  and  continuing 
invesiigation  Of  the  more  fundamental  aspects  of  masers  and  their  utilization  for  phySicai 
experiments.  The  immediate  objectives  Can  be  described  as  continuation  and  Completion 
of  a  number  of  experiments  launched  last  year  on  the  applications  bf  masers  to  spec¬ 
troscopy  and  to  precision  measurements  of  physical  quantities.  These  inciude  a  precise 
determination  of  an  upper  limit  to  the  "  ether  drift,  "  a  modern  form  of  the  Micheison 
and  Moriey  experiment.  The  spectrum  of  an  optical  maser  oscillator  will  be  studied 
further,  as  will  standards  of  iength.  For  the  latter  purpose,  several  new  approaches 
in  which  an  atomic  ibeam  is  used  for  the  active  optical  medium  will  be  pursued.  We  plan 
to  emphasize  the  generation  of  a  monoehromatiG  source  Of  light  in  the  far  infrared.  Using 
maser  and  parametric  techniques.  The  application  of  such  a  source  of  light  to  far  infra¬ 
red  spectroscopy,  and  of  infrared  masers  to  spectroscopic  studies,  will  also  be  inves¬ 
tigated. 

G»  H.  Townes,  A.  Javan 
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VH.  nuclear  magnetig 

RESONANCE  AND 

HYPERFINE  STRuGTuRE 

Prof.  F.  Bitter 

E  .  R.  Hegblom 

Hi  G.  Praddaude 

Prof.  J.  S.  Waugh 

D.  Ji  Hegyi 

O.  Redi 

Dr.  L.  G.  Bradley  HI 

Fi  A.  Liigeois 

Ci  J.  Schuler,  Jr. 

Dr.  H.  Hi  Stroke 

Ri  G.  Little 

R.  W.  Simon 

Df.  Ji  Fi  WaymoUth 

J.  Di  Macomber 

W.  Wi  Smith 

J.  G.  Ohapman 

F.  Mannis 

M.  J  i  iStavn 

Ti  Fohl 

P.  G.  Mennitt 

W.  J.  Tomlinson  III 

W.  D.  Halverson 

S.  R.  Miller 

W.  T.  Walter 

RESEARCH  OBJECTIVES 

There  are  fptif  main  objectives  in  the  work  of  this  grotijp:  first,  the  investigation  of 
moleeUiar  and  solid-state  problems  by  nuclear  magnetic -resonance  techniques;  second, 
the  investigation  of  the  Structure  of  atomic  nuclei,  particularly  of  radioactive  nuclei,  by 
nuclear  magnetic-resonance  techniques  and  by  the  investigation  of  atomic  hyperfine- 
structure  and  isotope  shift;  third,  the  development  of  atomic  resphance  techniques  for 
the  study  of  resonance  radiation;  and  fourth,  the  study  of  the  earth'  S  magnetosphere. 

1 .  Nuclear  Magnetic  Resonance 

Our  molecular  studies  by  meuns  of  nuclear  resonance  continue  to  emphasize:  (a)  the 
nature  of  phase  fransitions,  partieuiariy  those  involving  order-disorder  phenomena,  in 
solids;  (b)  intermpiecuiar  forces,  including  their  reflection  in  the  transport  properties 
of  fluids;  and  (c)  determination  of  the  structures  of  simple  molecules. - 

Ji  S  .  Waugh 

2.  Hyperfine  Structure 

Optical  pumping  and  nuclear  resonance  have  been  used  successfully  to  achieve  new 
results,  fhe  results  of  our  isotope^shift  experiments  have  clarified  the  causes  of  the 
"  odd^even  staggering  ^  effect  ob^brved  in  atomic  spectra  of  heavy  elements.  These 
results  show  that  further  systematic  study  of  both  isotope  and  nuclear  isomer  shHts 
should  provide  valuable  information  on  nuclear  interactions;  m  particular,  on  the  polaris 
ization  of  nuclei  by  aucieons .  The  theoretical  Study  of  the  "hyperfine'rstruGture  anomaly" 
and  the  formalism  that  we  have  developed  has  been  used  tO  test  explicit  assignments 
of  nuclear  wave  functions.  Atomic -beam  absorption  techniques  are  being  devei* 
oped  and  used  for  precise  spectroscopic  measurements,  as  well  as  for  detailed  studies 
of  spectral-line  profiles.  Hyperfine'? structure  "level  crossing"  and  doubles’resonance 
experiments  have  been  carried  out  with  both  stable  and  radioactive  atoms.  Further 
work  with  both  types  of  experiments  is  expected  to  yield  data  on  atomic  collisions  and 
radiation  coherence.  An  experiment  has  been  performed  to  test  possible  parity  non- 
conservation  in  molecular  interactions.  This  Work  is  being  extended  to  o^her  tran¬ 
sitions,  and  to  refining  the  upper  limit  on  the  mixing  coefficient  of  a  parity  nonconserying 
state. 

L.  G.  Bradley  m,  H.  H.  Stroke,  F,  Bitter 

3.  Atomic  Resonance  Spectroscopy 

The  detailed  analysis  of  light  is  becoming  increasingly  important  in  such  varied  fields 
as  atomic  and  nuclear  physics,  communication,  and  astrophysics.  In  addition  to  results 
achieved  by  spectroscopic  instruments  that  measure  wavelengths,  the  use  of  magnetically 
tunable  atomic  psciiiators  for  measuring  frequency  distributions  offers  great  promise. 

In  particular,  the  use  of  atomic  beams  in  unHorm  variable  magnetic  fields  promises  to 
become  a  useful  tool  for  studies  of  the  shape  of  resonance  lines  transmitted  through 
radiating  and  absorbing  media. 

Also,  atoms  may  be  considered  as  oscillators  in  which  radiofrequencies  and  optical 
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nuclear  magnetic  resonance) 


frequencies  are  coupled  whenever  the  sirriuitaneeus  absorption  of  two  such  different  fre¬ 
quencies  involves  a  conimon  level.  Subtle  line -narrowing  effects  resuiting  fromti  the 
iniprispnmeilt  of  optical  resonance  radiation  have  been  detected  by  using  double- 
resonance  techniqueSi  Experimental  investigaiions  to  determine  the  relative  importancej 
on  the  One  handj  of  interatomic  coupling  caused  by  the  radiation  field,  and  on  the  Other 
hand,  of  the  degree  Of  coherence  of  the  light  in  an  absorbing  cell  should  prove  to  be  of 
value  in  Various  investigations. 

Work  in  both  of  these  areas  was  started  Some  time  ago  in  connection  with  hyperfine- 
structure  investigations  and  will  now  be  continued  for  its  Owrt  Sake. 

H.  H.  Stroke,  L.  C.  Bradley  m,  F.  Bitter 


4.  The  Earth' s  Magnetosphere 

Data  ebtained  from  Satellites  and  space  probes  on  the  nature  of  the  interplanetary 
medium  are  reviving  interest  in  iaboratory  experimehts  related  to  the  conditions  found 
in  space.  We  propose  to  set  up  niodels  of  the  earth  and  its  surrounding  magnetic  field, 
and  to  study,  first  of  all,  the  diffusion  of  electrons  and  properties  of  trapped  charges  in 
the  surrounding  Van  Alien  belts.  The  basic  GonditiOn  to  be  satisfied  is  that  the  ratio  of 
the  electron  cyciotron  radius  "  a"  , 


a 


mv  ^  1  .  /  2mV 
eB  B  V  e  ' 


have  the  same  ratio  to,  or  should  at  least  be  adequately  smaller  than,  the  radius  of  the 
solid  model.  If  R  is  the  radius  of  the  model,  and  r  the  radial  distanoe  from  the  center 
of  the  model  to  any  point  in  space,  we  have,  if  the  average  intensity  of  magnetizatioh  of 
the  spherical  dipole  is  1,  the  surrounding  field  in  the  equatorial  plane  given  by 


B 


and  therefore  the  required  ratio  a/R  is 


R 


22  2  '6 

For  the  earth,  we  have  a  magnetic  moment  8,2X10  amp-naeter  >  R  =  6.4X10'  meters, 
and  an  average  intensity  of  magnetization  1  =  76  amp/meter.  For  the  outer  edge  Of  the 
Van  Alien  belt  near  the  surfaee  of  the  inagnetospherei 


(■©  = 

V  =  5X10^  electron  volts; 
and  consequently 


R 


"  8 


4,9X10' 


1.2X10"^. 


Two  spherical  dipoles  have  been  designed  by  Bruce  Montgomery  of  the  National  Mag¬ 
net  Laboratory,  The  first  is  a  superqondueting  coil  with  an  iron  core  having  a  mag-! 

2 

netic  moment  820  amp-in  and  a  diameter  of  2''  ,  The  sgeond  is  a  water-cooled  soienoid 

2 

with  an  iron  core  having  a  magnetic  moment  14,  000  amp-m  and  a  diameter  of  7", 
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requif  ling  5&6  kw  fbr  its  dperationi  The  values  ef  a/R  for  these  dipoles  at  ipoints  distant 

I  G  R  fForn  their  eenterS  is  J-4  X  1  o"^  V  .  These  would  seem  to  be  adequate  models  for 
a  eonvenient  range  of  eleGtron  ehergies.  The  field  of  these  dipoles  at  a  distanGe  1 G 
or  I'G”  and  35”  j  reSpeGtivelyj  would  be  2G‘-SG  gauSSi  it  would  be  quite  feasible  to 
immerse  them  in  very  large  Goils  that  produce  fields  of  this  order  Of  magnitude  to  Sim¬ 
ulate  the  interplanetary  field  bounding  that  of  the  earth,  if  it  should  beeome  desirable 
for  other  lines  of  investigation. 

A  further  requirement  Of  suGh  a  model  would  be  that  the  pressure  be  made  low  enough 
SO  that  eleetroniG  mean-free  paths  would  be  at  least  of  the  order  of  meters..  This  indl- 

-  .  ;i  '3., 

Gates  Operation  at  pressures  below  1  miGron,  or  with  an  atom  density  below  1 G  per 

Gubie  Gentimeteri  Insofar  as  pumping  or  the  production  of  loealized  discharges  to  gen¬ 
erate  ions  and  eleGtrons  are  Goneerned,  this  offers  nO  diffiGultyi 

The  minimum  electron  densities  required  for  eonvenient  observations  by  m'eans  of 

9  .  _ 

Langmuir  iprobes  are  of  the  order  of  IG  per  Gubie  eentimetef.  This  is  in  a  range  that 
would  appear  to  be  of  interest  and  praetiGally  achievable,  at  least  loeaily  in  a  large  tank. 
The  eleetroniGs  of  the  problem  is  perhaps  its  mOsl  Gritieal  aspect.  Other  approaGhes 
for  work  at  very  low  densities  would  seem  to  be  desirable. 

This  program  marks  the  evOlutibn  of  work  on  mercUFy-rare  gas  disefaargeS,  which 
has  been  going  on  for  the  past  two  years.  The  theory  of  Langmuir -probe  measurements 
in  a  ma;gnetic  field  has  been  developed  by  J.  F.  Waymouth.^  Observations  have  been 
made  by  T.  FOhl  on  the  diffusion  and'  thermal  conductivity  Of  eleetrpns  in  a  large  spher‘d 
i'Gal  GOntainer  with  a  lOGalized  discharge  at  the  Genteri  Magnets  for  the  study  of  eylin-- 
driqal  piasmas  in  Gusped  dr  uniform  longitudinal  fields,  and  in  quadrupole  or"  UttifOrm 
transverse  fields  are  available s  It  is  hoped  that  these  investigations  will  lead  to  actual 
magnetosphere  model  experiments  in  the  GoUrse  of  the  corning  year. 

Fi  Bitter,  H,  H.  Stroke 
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A.  hyperFine  structure  Anp  isotope  shifts  in  nEutrcn-peficient 

MERCURY  ISOTOPES 

193 

Production  techniques  are  now  under  study  for  the  purposes  of  obtaining  Hg  and 
193*  195  195* 

Hg  free  of  Bg  and  Hg  to  permit  a  verifioation  of  the  preliminary  assigninent, 
I(Hg^^^*)  =  13/2  and  [i.(Hg^^^*)  ~  ^(Hg^^^*),  and  to  obtain  the  Hg^^^  Speetrum.^  These 

■ '  o 

results  refer  solely  to  the  2537  A  resonance  line. 

194 

The  spectrum  of  Hg  has  been  observed  over  a  period  of  almost  one  year,  in  the 

hope  that  by  eomparing  its  intensity  with  that  of  stable  Hg^"^^,  which  was  produced 

simultaneously  in  the  bombardment,  we  may  be  able  to  determine  its  halflife,  At  present 

we  are  investigating  the  influence  of  self-absorption  and  cleanup  on  such  a  determination. 

194  196 

We  have  also  obtained  a  corrected  value  for  the  Hg  ■  -Hg  -  isotope  shift  in  the 

2537  A  line  {0.  280±  G,  G15)  cm“^.  The  result  is  that  y(195);  and  y(195*)  are  even  more 
2 

nearly  equal  to  unity. 

W.  J.  Tomlinson  III,  H-  H.  Stroke 
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A.  J,  Schneider 

Prof.  Ai  Bers 

R.  S.  Smith 

RESEARGH  OBjEGflVES 

Oiir  group  is  concerned  with  theoretical  and  experimental  studies  of  high-perveance 
eiectron  beams  suitable  for  interaction  with  microwave  fields  i 

Experiments  On  the  interaction  of  a  high-density  hollow  electron  beam  with  fields  of 
kly.str On-type  cavities  have  been  carried  out  in  our  laboratory  (several  reports  on  this 
work  have  appeared  in  the  Quarterly  Progress  Rieport).  These  experiments  are  being 
continued  and  correlated  with  the  theory  of  gap  interaction  in  sUch  beams.  The  theory 
of  wave  propagation  and  excitation  of  eleetron-beam  waveguides  is  also  Gontinuing. 

L,  P.  SmuHin,  H,  A.  HauSi  A.  Bers 
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Prpfi  G.  King 
Profi  Ci  L,  Searle 
Dr;.  Gi  W.  StrOke 


RESEMtCil  GfiJECTIVES 

Three  kinds  of  research  are  pursued  in  the  raoleeular  beams  group : 

li  High -precision  studies  of  atomic  and  molecular  radiofrequeney  Spectra^  an 
example  being  the  study  of  the  rotational  spectrum  of  HFi 

2i  The  development  and  intercoraparison  of  atomic  frequency  standards^  The  CS 
eleGtric  resonance  studies  and  the  ammonia  moleeule  deceleratOr  are  examples.  Work 
is  also  being  done  to  determine  the  system  properties  of  a  cesium  beam  tube  j  and  to 
develop  complementary  electronics  to  realize  its  latent  frequency  stabilityi  These  new 
Glocks  and  others  of  different  types  will  be  intercompared  by  using  the  M.  Is  T.  computer 
faGilities  in  order  to  Gheck  for  possible  variations  in  rate  with  epoch. 

3.  Expefiments  that  apply  parts  of  these  teGhniques  to  interesting  problems  in  any 
area  of  physics,  as  in  the  following  list: 

(a)  The  measurement  of  the  velocity  of  light  in  terms  of  atomiG  standards, 

(b)  the  search  for  a  charge  carried  by  moieGules, 

(c)  an  eirnariment  on  an  aspect  of  continuous  creation* 

These  problems  are  well  advanced,  in  an  esmlier  phase  are  the  following  experiments: 

(d)  the  velpCity  distribution  Of  He  atoms  from  liquid  He, 

(e)  experiments  with  slow  electrons  f  ev). 

J.  R,  Zacharias,  J,  G*  King,  c.  l,  searle 

A,  STARK  EFFEGT  AND  HYPERFINE  STRUCTURE  OF  HYDROGEN  FLUORIDE 

The  nuclear  hyperfinea structure  constants  and  the  electric  dipole  moment  of  hydro - 
119 

gen  fluoride,  H  F  ,  in  the  grpimd  vibration  and  first  excited  rotation  state  have  been 
measuFed  in  a  molecular  beam  electric  resonance  experiment.  The  hfs  constants  a^^O 

Cjj,  =?  307.  6  ±  1.  5  kc 
Cp  =  ^70.  6  ±  1,  3  kc 

2  gpgwH  ^nm 

^  =  57.6  ±  .44  kc. 

*  K-’?' 

The  apparatus  was  calibrated  by  observing  Stark  transitions  in  the  ground 
~  '  16  12  32 

vibration  and  first  excited  rotation  state  of  carbonyl  sulfide,  O  C  S  ,  and  the 

results  were: 

■  '  =  2.  554  ±  .  0037  or  p„_  =  1.  8195  i:  .  0026  debye 

^ocs 


R,  S,  Badessa 
V.  J*  Bates 
B.  Brabson 
Ri  Golub 
G.  L.  Gutttick 


W.  D.  Johnston,  Jr, 

S.  Gi  Kukolich 
Fi  J.  O'Brien 
G.  Oi  Thof^burg,  Jr. 
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by  using  t*:Q^g  =  O'-  7124  ±  .  0002  debyei 

All  absolute  measurement  of  the  CXDS  electric  dipole  naoment  ga^e 
^OGS  ^  ^  debye. 

A  digitally  computed  solution  of  the  Stark  effect  »dth  maghet-ic  hyperfine  structure 
was  neGessary  to  interpret  the  data.  The  theory  and  experiment  are  irt  good  agreement 
Over  the  range  of  electric  field  strengths  Used  in  the  eicperimenti 

The  hf s  constants  are  in  excellent  agreement  with  the  averaged  absolute  values  of 
these  constants  as  measured  in  a  molecular  beam  magnetic  resonance  experiment.  ^ 
The  agreement  has  significance  because  of  discrepancies  between  the  results  Of  the  two 
resonance  methods,  for  some  other  moieculeS»  in  previous  experiments. 

R.  Weiss 
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B.  CS  MASER 

Tfee  rc)tatioiiai  transition  (J  =  of  CS  shQuM  provide  a  more  preGise  moleGular 
freqjieney  standard  than  other  molecular  resonances  currently  used^  This  transition 
OGCurs  near  SO  k-mc. 

...T,2 

The  principal  advantage  Of  using  CSj  rather  than  NH^  Or  Other Bj  is  that  C  and 
32  - 

S  hoth  have  zero  nuclear  moments  so  there  is  nO  Spin-spin  Or  spin -rotational  inter¬ 
action 

The  permanent  dipole  moment  of  CS  is  rather  large  (2  debye),#  so  small  rf  fields 

are  necessary  to  cause  transitionSj  and  small  static  fields  are  needed  to  deflect  the 

beam.  The  physicat  construction  of  the  proposed  maser  would  be  similar  to  the  orig- 

inal  "maser"  except  that  a  two-pole  defLeGtiag  field  (state  seleetor)  and  a  two-cavity 

3 

rf  system  will  be  used* 

The  average  lifetime  is  approaeimately  30  minutes  in  an  enclosed  vessel  at  room 

4  . 

temperaturej  SO  the  CS  must  be  produced  as  it  is  Used*  Sufficient  quantities  of  CS 
for  a  moiecular-beam  experiment  have  been  produced  in  our  laboratory  by  dissociation 
Of  CSg  in  eieetrical  #scharge,  and  bn  a  hot  tungsten  wire  (2000’ C)*  The  resulting  vapor 
is  passed  through  a  trap  at  ^^lOO*’C,  and  thus  the  CS^  is  removed,  leaying  CS* 

S*  G*  Kukolich 
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C.  AMMOraA  DEGELERAtldN  EXPERIMENT 

One  method  of  inefeasing  the  interaction  lime  Of  free  molecular  systems  and 
eleetromagnetic  fields  would  be  to  deal  with  mOiecules  of  slow  velocity »  A  lin^ 
ear  deceierator  designed  to  provide  slow  molecules  With  an  intensity  that  if 
increased  over  that  predicted  by  the  Boltzmann  distributiph  has  been  described 
by  Zacharias  and  King<  ^ 

The  trajectpries  of  ammonia  molecules  in  that  device  have  now  been  ana* 
lyzed.  We  have  concluded  that  the  focusing  of  the  last  stage  was  too  strongs 
It  is  estimated  that  the  transmission  of  the  first  24  stages  is  greater  than 
'(l/25h  while  the  transmission  of  the  last  Stage  is  *  10  These  estimates 
make  no  allowance  for  possible  misalignment  of  thO  plates, 

Flates  With  zero  focusing  have  been  designed,  and  the  dynamic  Character* 
istiCs  of  an  array  Of  15  such  stages  have  been  studied  by  using  a  GOmputer. 
The  duty  cycle  and  bunching  characteristics  of  these  Stages  are  not  as  satis-!! 
factory  as  the  parallel  plates,  but  the  over*all  transmission  Of  the  two  Systems 
is  comparable, 

Work  is  being  done,  at  present,  along  three  lines: 

(a)  An  attempt  to  improve  the  characteristics  of  the  nonfocusing  plates  by  consid* 
ering  voltage  waveforms  other  than  square  waves  applied  to  the  plates; 

(b)  Experiment  with  a  hybrid  system  consisting  of  24  parallel  *plate  stages  and 
a  nonfocusing  last  stage;  and 

(c)  Consideration  of  an  experiment  to  demonstrate  the  principle  of  deceleration  in 
a  limited  number  (2  or  3)  of  stages. 

R,  Golub,  B,  Brabson 
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D.  He,  AND  He.  BEAMS 
3  4 

Initial  study  has  been  undertaken  on  the  feasibility  of  produeing  and  deteGting  beams 
of  atoms  evaporated  from  the  Surface  of  liquid  He  j  and  He^  at  low  temperatures.  It  is 
proposed  that  an  "OmegatrOn"  t3q>e  of  radiofrequehcy  mass  spectorneter  ^  be  employed 
as  a  detector,  and  Such  a  device  has  been  assembled  and  operated  during  the  past 
quarter.  A  usable  sensitivity  of  ~  i  ma  of  ion  current  per  mmi  Hg  for  He .  has  been 
obtained,  at  a  background  pressure  of  lO  mm  Hg  in  an  ®il  diffusion -pumped  system. 

It  is  anticipated  that  this  sensitivity  is  sufficient  to  permit  analysis  of  beam  velocity 
spectra,  and  it  is  hoped  that  information  regarding  phenomena  in  liquid  He^  and  He^ 
may  be  gained  thereby. 

Wi  D.  Johnston,  Jr. 
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E.  MEASUREMENT  OF  THE  VEOLCITY  OF  LIGHT 

During  the  past  quarter,  all  functions  of  the  velocity  of  light  apparatus,  electrical, 
optical,  mechanical,  for  the  first  time  operated  simultaneously.  The  schematic  diagram 
of  the  apparatus  is  shown  in  Fig,  IX- 1 .  The  figure  emphasizes  the  electronics  system 
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because  we  have  already  given  detailed  descfiptioii  6f  the  optical  system  smd  the 
hydraulic  drive  in  previbus  reports.  The  system  measures  the  relative  phase  of  the 
cavity  in  order  to  achieve  as  precise  a  measurement  of  as  possible.  The  signals 
derived  from  the  microwave  and  optical  systems  will  b®  recorded  on  an  FM  tape 
recorder  to  facilitate  data  reductioni 

We  have  previously  reported  that  the  cylindrical  quartz  cavity  has  been  optically 
polished  so  that  its  diameter  has  a  precision  Of  approximately  ±3  X  10“^.  Nowi  from 
the  basic  equation 


1 


which  relates  the  free-Spaee  wavelength  X.!  to  the  guide  wavelen^h  \g,  and 
from  the  equation 


C  s  12) 

we  find  that,  for  the  cavity  diameteri  D  =;  161 . 1  mm,  and  the  i^idc  wavelength, 

X  *33,88  mm,  used,  we  have 

g 


(3) 


3k.  1  as 

c  16'  E)  ^ 

and  therefore 


Ac 


km/sec 

fringe 


and 


Ac 
A  D 


3 . 2  km/sec 
^g2  fringes  ' 


(4) 


(5) 


(6) 


hi  other  words,  if  no  diameter  corrections  at  all  are  mode,  then  the  apparatus  should 

7 

yiel  d  the  value  of  C  within  a  few  parts  in  19  ,  provided  that  Xg  can  be  measured  to 

7 

within  a  few  parts  in  10  or  approximately  l/lDO  fringe. 

G.  Wj  Stroke,  M,  A.  Yaffee,  C.  L,  Searle, 
V,  J,  Bates,  A,  T.  FunldiQuser 
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RESE^CH  OBJECTIVES  AND  SUMMARY 

The  reseafGh.  areas  of  this  group  may  be  subdivideii  as  follows:: 

1.  The  deteeti'on  and  measure'meHt  of  the  radio  radiatioh  from  extraterrestriai 
sources.j  principally  at  short  centimeter  arid  millimeter  wavelengths . 

2  .  The  application  Of  microwave  radiometric  techniques  to  the  study  of  the  physical 
structure  of  planetary  atmospheres^  especialiy  the  earth's  atmosphere . 

3i  The  use  of  a  laser  to  probe  the  earth's  atmosphere  by  means  of  an  optioal  radar, 
utilizing  back  Scatter  from  aerosols  and  molecules. 

4.  A  Study  of  very  wide  base-line  interferpmetry  for  radio  astronomical  measure* 
ments . 

This  program  of  research  requires  the  development  of  new  teehniques  in  several 
areas  Of  radiometryi  For  example,  the  study  of  pressure-broadened  molecular  reso¬ 
nances  such  as  occur  in  planetary  atmospheres  dictates  the  development  Of  a  radiometer 
eperating  at  millimeter  waveiengths  and  having  the  capability  of  providing  information 
about  line  shapes  over  a  frequency  interval  of  several  thousands  of  megacycles.  Another 
example  is  a  result  of  the  need  to  perform  experiments  from  high-aititude  aircfaft, 
balloon-borne  platforms,,  satellites,  and  space  probes,  which  imposes  stringent  require¬ 
ments  on  equipment  design.  For  purposes  Of  wide  base-line  interferpmetry,  methods 
are  to  be  sought  by  whieh  phase  Synchronism  of  loeal  osciilatof  S  may  be  realized  and 
techniques  of  Signal  processing  and  transmission  may  be  Utilized  to  give  accurate  repro¬ 
duction  of  the  interferehce  pattern. 

in  all  areas  of  endeavor  listed  here,  experimental  and/or  theoretical  research  and 
deveiopment  is  under  way,  During  the  past  year,  work  has  been  concentrated  in  items 
(1)  and  (2);  items  (3)  and  (4)  have  recently  been  imtiated.  Theoretical  Studies  of  the 
terrestrial  H2O  line  at  X  =  1,35  cm,  and  of  the  microwave  spectrum  of  Venus  have  been 

completed,  Radiometers  operating  at  K-band,  V-band,  and  E-band  have  been  designed 
and  partially  Constructed,  and  preliminary  measurements  at  K-band  have  been  carried 
put,  A  iO-ft  precision  parabolle  antenna  has  been  installed  on  the  roof  of  the  Laboratory 
and  is  being  fitted  with  a  digital  control  system  to  allow  accurate  pointing  in  celestial 
coordinates.  This  facility  will  be  used  for  Iimar  and  solar  research  at  millimeter  wave¬ 
lengths  , 

A.  H.  Barrett,  J,  W.  Graham 


A.  K-BAND  RADIQMETRY 

A  microwave  radiometer  operating  at  25.5  kmc  (X=1.25  cm)  has  been  constructed 
and  installed  in  Lincoln  Laboratory's  28-ft  precision  parabolie  antenna.  The  purpose 
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of  this  experiment  is  twofold: 

ti)  to  provide  ©perational  tests  of  a  Gomplete  radiometer  before  it  is  incorporated 
into  a  multiGhaHnel  system;  and 

'(ii)  to  observe  VenuS  during  the  1^62  inferior  eonjianGtiOni 

The  frequeney  was  chosen  to  be  Gompatibie  with  the  present  antenna  feed 
horn,  and  to  be  as  near  as  possible  to  One  of  the  frequencies  of  the  radiom¬ 
eters  aboard  the  Mariner  R-2  Venus  spaeeGrafi.  Furtherinore,,  by  means  of  a 
frequenGy  dipieXer,  measurements  are  planned  simultaneously  at  35  kmc  '(vXi=0i.8  mm,): 
with  a  common  antenna  feed  used.  The  35-kmG  radiometer  has  been  eonStrueted 
by  LinGoin  Laboratory  personnel.  The  K-band  ground-based  measurements  are 
of  value  because  there  are  no  existing  measuremenis  of  Venusian  radiation  at 
this  wavelength  i 

A  block  diagram  of  the  radiometer  is  shown  in  Figs  X-l.  The  system  is  a  conven¬ 
tional  Dieke  superheterodyne  radiometer  employing  noise  balancing  in  the  antenna  input 
arm.  The  ferrite  switch  operates  at  94  cps  and  the  bandwidth  of  the  system  is  8  me*  aS 
determined  by  the  30  me  if  amplifier .  Frelimiaary  tests  of  the  equipmeat  installed  on 
the  antefma  give  an  rms  temperature  flu'CtuatiOn  of  approximately  li-Z'K  with  a  S-SeCOnd 
integration  time  i 

A  muitichannel  version  of  this  receiver  is  being  built  which  will  iheOrpOrate  several 
Ghannel>-dropping  lilters,  similar  to  the  diplexer  used  for  frequenGy  Separation  in 


Fig .  X- 1 .  K-band  radiometer . 
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Fig,  X^ii  It  is  planned  to  cover  tfee  frequency  range  18-35  kmc  with  this  arfange- 
menti  In  addition,  a  digitai  S-ynchfOnOUs  deteclOr  for  improved  long-term  stability  has 
been  designed  and  is  being  tested.  The  data  output  will  be  fed  to  a  tape  punch  to  allow 
automatic  data  processing ,  The  Oompleted  system  will  be  used  for  detailed  studies  Of 
planetary  atmospheres . 

D.  H.  Staelin 


B.  SOLID-STATE  LOCAL  OSCILLATORS 

Two  Solid-State  local  Oscillators  are  under  development ,  One  will  be  built  to  pro- 
duce  1  mw  at  bo,  152  me,  and  the  other  will  produce  2  mw  at  several  frequencies  near 
22,(100  me  (for  water-vapor  line  studies;).  At  present,  work  is  just  beginning  on  the 
design  and  synthesis  of  both  chains,  and  only  preliminary  design  data  are  available . 


V'ARACtiSR 


Fig,  X-2.  Improved  doubler  cireuit. 
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Fig,  X-3.  60-Ge  chain  with  expected  power  levels  . 
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Ttle  ehain  for  60  Go  will  be  coraposed  Qf  nine  doublers  starting  from  119.435  me. 
Designs  have  been  firmed  for  the  first  four  stages  and  the  last  Stage .  A  typical  Gircuit 
for  one  of  the  first  four  Stages  Is  shown  in  Fig.  X-2i  This  partieular  cirGuit  is  a  defi¬ 
nite  improvement  over  previous  two-diode  balanced  cirGuitS  because  it  allows  the  output 
induGtanGe  to  be  four  times  larger,,  and  thus  facilitates  the  USe  of  '''lumped"  circuits  at 
frequencies  in  excess  of  1  Gc.  The  over-all  block  diagram  is  shown  in  Fig.  X-3. 

At  preSentj  the  K-band  chain  is  planned  as  a  Strmg  Of  four  doublers  to  2200  me  with 
an  output  power  Of  500  mw  nominal,  followed  by  a  times-ten  stage  direct  to  22  Gc  With 
2  mw  expected  output .  Considerable  attention  will  have  to  be  paid  to  spurious  signals  j 
and  heavy  filtering  will  probably  be  necessary  , 

R.  P.  Rafuse 

C,  A  relationship  BETWEEN  CURRENT  DENSITY  1  AM)  FAR-XONE 

Radiation  fields 

An  examihation  of  the  relation  between  the  SOUrce-Gurrent  distribution  and  the  far^ 
zone  eleGtromagnetic  field  radiated  by  the  current  distribution  has  been  made.  It  has 
been  demonstrated  that  the  curl  of  the  current  distribution  uniquely  determines  the  faf- 
zone  fields,  Specifically,  it  has  been  shown  that  V  xj,  where  J  is  the  Gurrent  distribu. 
tiOn,  and  the  far^zone  magnetiG  field  is  a  three sdimensional,  vector>  Fourier -transform 
pair .  In  the  far  zone,  the  magnetiG  and  electric  fields  uniquely  determine  one  another 
so  that  V  xT  also  determines  the  electric  field;  in  fact,  V  X  V  X  J  and  the  far^zone 
electrie  field  have  heen  Shown  to  be  a  Fourier-tranSform  pair .  The  transform  Variables 
are  position  p  in  the  radiating  current  distribution,  and  direction  Cosines  U  of  the  field 
point  measured  with  respect  to  a  right-hand  epordinate  system  with  origin  in  the  radi¬ 
ating  body,  A  proof  Of  the  statement  that  ^  X  J  determines  the  magnetic  field  follows, 

The  expression^  for  the  magnetie  field  produced  by  a  current  distribution  is 


The  second  volume  integral  can  be  converted  to  a  surface  integral  by  making  use  of  the 
known  formula 
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C  V  X  A  dv  =  V  n  X  A  daj 

where  5  is  the  outward  direeted  normal  to.  the  surface  S  bounding  the  Volume  V.  Equa- 
tipn  2  then  becomes 


H(u.X)  f7XJ)4.  dv ffXP4»)  da.  (3) 

If  the  surface  S  is  taken  exterior  to  the  current  distribution  So  that  J  is  identically  zero 
on  S  the  surface  integral  Vanishes^  and  Eq.  3  reduces  to 


H(uA)  =  4^J  (VXJ)<t)dv.  (4) 

Equation  4  is  trhe  in  all  Space  exterior  tP  the  current  distribution.  We  specialize  to 
the  far  zone  and  Eq.  4  becomes 

/  2vR.\ 

^  expl-J-^J  f  /  2irp-u\ 

^  [VXT(pA)]  exp^3---^j^j  dp*  (5) 

whSre  R  j  is  distanee  to  the  fieid  pomt,  u  is  a  uMt  vector  m  the  dtreGtion  of  the  field 
point  and  d^  =  dVi  this  is  clearly  a  Fourier  integral.  In  the  limit  \  ^  pp  the  radiation 

field  as  it  must,  sinGe  J  f  xT  dv  s  J  n  X  J  da  =  0  when  s  is  takeh  exterior 

tof.  .  ^  ® 

Equation  5  can  be  uniquely  inverted  only  if  the  domam  Of  direction  cosines 
is  taken  to  be  infinite.  Physically  U  is  eonstrained  to  the  unit  Sphere,  |lu|j  =  1, 
by  the  requirement  that  observation  angles  be  real-  It  can  be  shown  that  invert 
slon  Of  Eq,  5,  Subject  to  the  unit-sphere  constraint  yields  V  XJ  Convolved  with 
the  function  (lA)^[(sin2Trl|p|/\)/(2w;j|'pj|/\)]..  Hence  the  physically  observable,  far- 
zone  magnetic  (or  electric)  field  determines  a  smoothed  version  of  ^  X  J  . 

J,  R.  Cnnimings 
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RESEARCH  OBJECTIVES 


in  pMysieal  acoustics  the  proMems  involved  concern  the  emissioni  propagatiOni  and 
absorption  Of  sound  and  Vibrations  in  matter.  Specific  problems  include  relaxation 
phenomena  in  gases  and  solids,  problems  in  nonlinear  acoustics  *  and  the  interaction 
of  sound  and  turbuleneei 


In  plasma  physics  our  present  main  interest  is  in  the  area  of  instabilities  in  piasmaS 
and  liquid  conduetorSj  and  of  wave  propagation  in  plasmas. 


K.  U.  ingard 


A.  INSTABILITY  OF  LIQUID  CONDUCTORS  IN  A  MAGNETIC  FlEUi) 

The  Study  of  instability  of  liquid  conductors  in  a  magnetic  field  has  been  Conducted 
with  an  analysis  of  the  experimentai  residts  obtained  earlieri  Some  of  these  results 
have  been  mentioned  briefly  in  a  previous  progress  report .  ^  The  rate  of  change  of  the 
extreme  diameter  in  a  pinch  instability  has  been  evaluated  as  a  function  of  the  wave¬ 
length  of  the  perturbation  on  the  stream  for  several  different  values  of  the  Current 
through  the  stream^ 

Sifiiiiarlyj  the  rate  of  growth  of  the  Sipirai  diameter  in  an  m  =  1  type  Of  instability 
in  a  iOngitudinal  magnetic  field  has  been  determined.  This  last  rate  is  found  empiric 
cally  to  be  well  described  by  the  expression 

P  ss  C  (IB/pd^)^/^  sec'S 

Where  I  is  the  current  through  the  stream,  B  the  longitudmal  magnetic  field,  p  the  den,« 
sity,  and  d  the  diameter  of  the  liquid  conductor.  The  dimensionless  consteuit  C  is  4.  5* 
A  more  detailed  account  of  this  investigation  will  appear  in  the  December  issue  of 
The  Physics  of  Fluids, 

H,  Ingard.  D.  S,  Wiley 
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B.  SOUND  PRGPAGATTON  OVER  A  PLANE  BOUNDARY 

The  atiaiysi’S  of  the  influence  of  turbulence  on  sound  iprOpagated  over  a  plane  boundary 
has  been  coinpleted.  The  new  analysis  of  the  problein  differs  frorn  that  presented  in 
Quarterly  Progress  Report  No.  55  (pages  i4l.<149)  in  two  respects.  FirSti  both  arttpli- 
tude  and  phase  fluctuations  have  been  ineiuded  in  the  caiculatiens;  and.  second,  the 
araplltude  and  phase  fluctuations  are  assUnied  to  be  HOrmally  distributed.  The  experi¬ 
mental  results  discussed  in  Quarterly  Progress  Report  No.  66  (pages  69-70)  have  been 


Fig.  XI-l.  Mean-square  sound-pressure  level  in  a  turbulent  atnaosphere 
over  a  plane  reflecting  boundary  as  a  function  of  distance  from 
the  source  (frequency,  500  eps).  Dashed  curve  refers  to  the 
calculated  dlstributipn  in  a  homogeneous  atmosphere;  solid 
curve,  the  calculated  distribution  for  a  turbulent  atmosphere. 

analyzed  in  detail,  and  the  fractional  standard  deviation  of  the  mean-square  pressure 

2, 

fluctuations  (Std,  Dev,/p^^^)  has  been  calculated  as  a  function  of  distance  from  the 
source,  and  compared  with  the  analysis  that  follows. 

If  it  is  asaomed  that  both  the  amplitude  fluctuations  (a)  and  phase  fluctuations  (6) 
are  normally  distributed,  with  variance  given  by 

<(ln  ( l+a))S  ^  ^  uj(k^x)(k^l,), 
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Fig.  XJii?.  Meaii-squafe  sOun#^pfessUfe  level  iii  i.  turbiiifent  atrapaphere  Over  a  piaile 
refieeting  boufidaty  as  a  function  of  distanee  froin  the  soUifce  (frequenGy,  1000 
eps)^  Daahed  curye  refers  to  the  calculated  distribution  in  a  homogeneous  at^ 
tnosphere:  solid  curves  the  caloulated  distributibn  for  a  turbulent  atniosphere> 


Fig.  XI-3.  Mean-square  sound -pres sure  level  in  a  turbulent  atmosphere  over  a  plane 
reflecting  boundary  as  a  function  of  distance  from  the  source  (frequency*  2000 
ops).  Dashed  eurve  refers  to  the  esdculated  distribution  in  a  homogeneous  at¬ 
mosphere;  Solid  curve,  the  calculated  distributiQn  for  a  turbulent  atmosphere. 
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Figi  X3-4.  MeasUi'ed  jmd  ealc^ated  fluctu&itions  of  the  sound-pressure 
amplitude  as  a  funetion  6f  distance  from  the  soureei 

then  It  can  be  shovm  that  the  tnean-s^uare  sound-pressure  level  as  a  function  of  distance 
from  the  source  is  given  approximately  by 

m  s<pS  =  ^(<aS  )^  +  (i  +  cps#^e“^ 

"  2  2  2 

and  the  variance  of  the  fluctuations  in  mean-square  pressure.  V  =  <  (p  )  >  -  <(p  )>  . 
may  be  approximated  as 

2  2  2 
V  =4(1  +  )(1  ){1  -  cos  2p  J  +  ?<a^>(l  +  cos P^e"®” 

Cf  O  O  ' 

2 

If  the  value  of  the  parameter  is  chosen  SO  that  the  calculated  value  of  m  is  in  good 
agreement  with  experiment  at  §00  cps.  and  x  =  28, 5  ft,  the  correlation  at  other  fre¬ 
quencies  and  at  other  distances  is  as  illustrated  in  Figs,  Xl-i,  Xi-2,  and  Xl-3!.  The 
dashed  curves  are  the  calculated  sound  pressures  for  a  quiescent  atmosphere,  Plots 
of  ^/V/m  vs  disiance  are  presented  in  Fig.  XI -4,  The  sharply  peaked  curves  were  cal¬ 
culated  under  the  assumption  that  amplitude  fluctuations  could  be  neglected.  It  is  seen 
that  somewhat  better  agreement  with  experinnent  can  be  obtained  if  the  effect  of  ampli¬ 
tude  fluctuations  is  included. 

U,  Ingard,  G,  C.  MaUng,  Jr. 
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RelerenGes 

ii  L,  Ai  Chernov,  Wave  Ih:opa#ati'On  In  a  Random.  Medium  (MeGraw-Hill  BoOk 
Company,  InCi ,  New  York,  1961). 


C,  STABILITY  OF  PARALLEL  FLOWS 
li  Introduction 

If  (0, 0,  W(Xj,))  is  a  parallel  flow  sOlulion  fOr  the  Navier -Stokes  equations  and 
(u|(x,  0)i  UgCXi  0;)s  W(Xj)  +  u^tx,  0):)  represents  an  infinitesimally  disturbed  Bow  condi¬ 
tion  at  t  =  0,  then  the  disturbed  system  will  evolve  aecOrding  to 


a  u. 
_ _ _! 

at 


a  u,  9  ,p 

W  -^ _ i-  -  — 

■a  x^  a  x'j 


ita) 


s  0 


with  hOnliiiear  terms  fieglectod. 

Takihg  the  dlvergehce  Of  (ia)i  and  using  (lb),  we  find  that 


(1^ 


f^p 


-2 


dW  ^’'^1. 


dxj  d'x 


3 


(ic) 


SO  that,  with  proper  boundary  conditions,  p  can  be  expressed  in  terms  Of  the  u,  and 

2  ^  2 
eliminated  from  (la)..  In  fact,  taking  V  in  the  first  Pf  Eqs.  la  and  substituting  V  p 

from  (Ic),  we  have 


a 

at 


d^W 


a  X, 


1 


(2) 


We  have  used  the  fact  that  W  is,  at  most,  quadratic  in  x.. 

The  case  m(x,t)  =  e  Uj^(x)  has  been  studied  extensively,  since  for  this  ease  the  sta¬ 
bility  analysis  reduces  tO  the  (difficidt)  problem  pf  discovering  whether  (2)  has  solutions 
for  Uj^^  with  Re  (V)  ^  Q.  For  many  eases  of  interest,  however,  there  exist  no  solutions, 
or  only  a  restricted  class  of  solutions  of  this  simple  type,  so  that  the  results  under  such 
an  assumption  are  not  entirely  conclusive.  We  shall  discuss  a  weak  instability,  not  of 
exponential  type,  which  is  common  to  all  inviscid  parallel  flows. 

2,  A  Weak  Instability 

The  equations  of  motion  (1)  and  (2)  are  homogeneous  in  x^,  so  that  the  m  will  remain 
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independent  of  if  they  are  so  at  I  =  0.  We  consider,  first,  the  case  v  =  0,  for  which 
(1)  becomes 


dW(x,,x,| 


dW(x, ,  X  ;) 


9u4  9u- 

Pd) 

in  which  we  now  permit  W  to  depend  on  x^,  as  well  as  on  Xj  ,  We  Suppose  that  the  flow 
is  contained  by  a  boundary  b(Xj  ,  X2).  so  that  the  component  of  u  normal  to  B  must  vanish 
along  Bi 

AecOrding  to  (3),  9  p/9  Xj  +  9  p/9  x^  O.  and  the  nbrhial  derivative  Of  p  Vahishes 
at  B,  The  only  harrhoniG  ftinction  satisfying  the  botandary  GOnditionS  (and  finite  eve;^i- 
where,  if  B  is  not  closed)  is  p  s  constant.  According  to  (ia)  and  (3b),  then,  Uj  and 
are  time^-independenti  Equation  3o  can  be  ijnflaediately  integrated  to  give 


U3{x,t)  =  u^{x,  01  «  t|^  uj{x)  +  ^ 


This  simple  linear  analysis  thus  yields  a  weak  instability,  linear  m  time,  which  is 
Common  tp  all  inhprnogeneous  inviseid  parallel  flows.  The  instabilily  arises  from  a 
mixing  of  parallel  streamlines  of  varied  flow  strengtiis  by  a  weak  persistent  convective 
motion,  , 

We  should  expect  that  in  an  exact  analysis  u^  should  grow  at  first  according  to  (4), 
and  then  flatten  out  or  turn  back  when  u^  «  W  ceases  to  be  valid.  We  can  indeed  cpn- 
struct  exact  solutions  of  the  Navier-Stokes  equations  which  exhibit  this  behavior.  In 
an  exact  analysis  (4)  becomes 


9m  9m  9p 

“'^1  Txj  ~  9^  -'9^ 


4  =  1.2 
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®  ^3  r  9  9  1  1 

9t  “  dXj  ■*"^2  »xg  “3J  i 

U^{%t  =  0)  =  W(Xj,x^) 


Equations  Sa  are  the  tTVO-dimensiOnal  Navier-Stokes  equations,  whioh  adnait  of  time- 
stationary  vortical  motions  (Uj(x.),  Ugilx)).  Equation  fb  simply  expresses  the  continuity 
of  u^iXjiXgj  ^  twO-dimenSiOnal  convective  field  (Uj.rUg).  For  small  t,  u^  clearly 
evolves  according  to  (4). 

The  second  casei  O,  is  less  fransparent,  and  we  consider  Only  plane  parallel  flow 
between  parallel  plates  at  x  =  (i  w).  Equation  2  in  this  ease  reduces  to 


4-^2u  =  v^'^u 

dt  '^l 


dUj 

V)  s  Uj(±V)  =  0. 


Equation  i  can  also  be  written 
d  . 

^  W  =  v7  W 
w(±  it,)  =  f  (±  if) 


(6) 


(7) 


where  f  *  f(XjX2t),  and  ^f  =  0,  so  that  Uj  =  w  f  clearly  satisfies  (1).  We  expand 


Uj  =  ^  Uj(xj,  kg,  exp(X^°-t)  expfikgX^)  dk^^-dkg.  etc, ,  so  that  (2)  becpmes 


dw,. 

^  (±  v) 


dx 

w(±ir)  =  f(±v), 


(8  a) 


I  d-'  Za  ^  ^ 

Here,  L  — g  -  kgj  f  =  0,  so  that  f  =  a  epsh  kgkj  +  b  sinh  kgXj,  kg  #  0. 


X^°^  2 

With  X  ?=  +  k2>  we  have 
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X  w  =  w  . 

dxj 


Note  that  if  Wj^(x:)  is  a  solution  of  (Sa)  for  some  (X,  &,  d)„  then  w^(-x)  will  he  a  solution 
for  (X,  a,  -h).  It  follows  that  the  even  and  odd  parts  of  w.  separately  will  be  solutions 

for  (X,  a,  0)  and  (X.  6j  b;h  respeetlvely.  Thus  We  seek  w^®^  even,  and  w^Wdd,  satisfying 

(eV 

w  (±  ir,)  =  a  cosh 
dw'^®^(±tf,)  , 

^  dx  — ~  ~  ^'^  2  ®  ®  ^  ^  2^^ 


W^®^(±Tr)  =  ±  b  SiMh  k  ^lr 


(9a) 


=  W,  .<«h  k,. 


to.  A* 


or,  more 


w 


1  dw^^ 

^  ^  tshh  kg- 


and 


(9b:) 


M) 


w 


1  dw* 

^±*^2  GOth  k^t, 


With  the  given  boundaiy  conditions,  we  have 


(10) 


The  conditions  (9b)  ensure  the  vanishing  of  the  Iterated  terna  in  (10), 

The  system  is  thus  a  regular  selfi-adjoint  one,  so  that  the  eigenfunctions  of  (9a)  will 
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be  complete  for  tfie  purposes  of  expansion.  Even  solutions  of  ('9a)  have  the  form 


=  A  eOsh  ^Xj 


for  which  X  must  be  chosen  so  that 


•  (v)  =  tanh  '4\  IT  =  itA  tanh  k^v. 

w'  ' 

The  Only  sOlUtipn  With  X  0  is  W  -  A  cosh  k^^i  ’  “  ^2'  ^  Case  \  <  0,  we  write 

n/C  tanh  =  -^p  tan  pv  =  kw  tanh  k  it*  SO  that  p  is  realj  :(-p^=X;)i  We  get  eigenvalues 


p  with  n  p  <  n,  n  =  1,  2. » ^ ,  So  that  X  = 

*  (111  '  n  *  ■' 


n 


^  and  £  -v(p|4k|j).  The  only 


Odd  solution  of  (9  a)  with  X  ^  0  is  =  A  sinh  k^X  j,  for  X  ^  k|  i 


EOr  X  <  0,  we  Set  X  =  -q  and  Write 


w^°^  =  B  sin  qx  j , 


Where 


1  dW<^) 

"W  ^  ^  *  ^2  **2*’ 


tan  q*  ?  ^  tanh’  kgir. 

We  get  eigenvalues  q^^  with  n  <  q^  <  n  +  -g!-,  n  =  l ,  2  ,  .  i ,  (q^  =  O  is  spurious).  Thus  we 
have  Solutions 


cos  P  X, 
e  n  1 

cosh  k2Xj 

Jo) 

COS  P  TT 

n 

Cosh  k2''^ 

sin  Q  X, 
-n  1 

sinh  k2Xj^^ 

\  (P) 

sin  q  ir 
-  'tn 

sinh  k^t 

K 

n 

Finally,  if  Uj(Xp  x^,  0)  is  any  perturbation  that  is  continuous  and  piecewise  sniooth  in 
Xj  and  x^,  satisfies  the  boundary  conditions  on  x^,  and  e  L^iXg),  we  obtain 

poo  Y'  f  /  p  p\  H  /A\  eoshkoX, 

u^(XiX2t)  =  J  2  ^^PHPn+^2)H  <Ph'‘^2> :  '^sp  u'  “  ^SoShOT  ’  ew(lk2X2)  dk^ 

P„(k2)  L  n  2  J 

poo  r  /  p  p\l  I  \  fsinq  x,  sinhk-x,' 

+  ]  I  exp[-.v(q^+k2)tJ  uf^(q^,k2)  ^  slnhk-V  -  exptik^x^) dk^ 
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Here, 


,,,  ,  foo  i 

4  ^2^  =  W }  exp^iJCJ,3^)  dx„ 


/  s  ill  2  p  IT ' 

eosp^ir  IT-.-— 


n\  ^  ^  }  exp^ik^x^i 

•“rtrt  / 


Sin  2q  TT  \  ^*2  ‘ 


siiiq^j  ir-^ 


«I4U) 


This  feXpansiofi  is  of  a  that  is  well  known  from  the  theory  of  heat  eondtiGtion,  and  is 
shown  to  converge  uniformly  for  all  X ^  and  t  ^  t^  it^  >  6))  and  thus  to  Satisfy  the  bounds 
ary  Oonditions  for  ail  t  >  Oi  and  to  converge  to  the  series  expansion  for  u^Ix^i  x^,  0)  for 
t  -i-  Oi  This  solution  is  unique  under  the  given  Conditions . 

IE  Uj(Xj,  x^i  Oi)  is  talten  to  be  periodic  in  x^  instead  of  being  e  LjlX^h  the  solution 
above  reniaihS  valid  if  we  replace  the  integrals  in  (14a)  by  suminationS  on  kg*  ^d  the 

1  f”  1 

symbols  ^  A  in  (14b)  1^  ^  \  , 


To  eomplete  the  problem,  we  eompute  Ug,  According  to  (la), 

^  0, 


-2 

-r/v  a  vV 'U  -  W'U 
0t 


(15) 


Xj=±ii 


where  W* 


dW 


(V^i^+v^xn. 


Equation  15  is  the  inhomogeneous  heal  equation  in  two  dimensions,  If  U^  and  u^  are 
continuous,  piecewise  smooth  and  periodic  in  Xg  of  period  2L,  we  have  the  unique  uni,- 
formiy  convergent  series  expansion 


UgiXj.Xg,!)  = 


^  exp  |^|k|+  j^^  cos  ;^n+yj|  x^ 


k  =±,JL_±2w 

n=  l,  2, , . 


,n  ■  1  Cn<®)  dS  j-e  ?  ^ 


ik„Xo 


+  ^  expl^^v[k|+n^}t^  sin  nx^ 


k2,n 
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Here, 


(M  1  f  ^ 

fiej  A  Y 

kgU  EwL 

'r^z^ 

•InV  T  ^ 

fir 

fvO)  =  -A.  V 
k2n  2irL 

ik_x» 

e  ‘‘  dXj^  dx^ 


’-ik»x^. 

i  ®  ‘^1^*2 


iUajf 


(I6b) 


and  gj.  jjis,)  eorresponds  t©  ^  with  W'iij^^(Xji  x^,  s)  replacing  u^iX^,  Xg.  0)  hi  (I6b). 

There  are  eiearly  no  true  instabilities  for  v  0!;  however,  eertain  of  the  inhornoge- 
neous  terms  in  (16a)  attain  large  values  for  finite  times  before  deeaying  exponentially 
as  t  ■»  op.  Substituting  u  j(X|,  X^,  s)  from  (14a)  in  (16a),  we  find  terms  of  the  typical 
magnitude 


exp(^-v^|i^n^^t|  J  expi^^^-^^^:^  ds  UjiPj^^rhgKbiVj+c^ZV^)  sin  nXj  e 


(171 


where  C  j  and  are  constants  arising  from  the  integrations  in  (  i6a).  which  are  of  the 
order  of  unity  for  m  «  n,  except  where  they  vanish  by  symmetry-  For  n  =  m,  the  argu¬ 
ment  ^n^^p^^  is  always  positive,  so  that 


1  w(v(nS^)^)  ds  ^t. 


Choosing  n  =  1  and  suppressing  the  spatiai  dependence  in  (17),  we  get  the  estimate 
Uj  s!  t  exp^-v  (k^+ljt^  Vuj(0),  (18) 

As  V  -*  0,  the  estimate  ( 18)  approaches  the  form  of  (4);,  the  solution  for  v  =  0, 

Equation  18  attains  a  maximum  for  t  =  — y--"^  ,  so  that 


-.R. 


u,(0). 


(1^) 


3  1  2  1' 

max  v(l+k2)  Tf 

showing  that  after  a  finite  time  the  initial  perturbation  in  Uj^^  appears  as,  a  term  in  u,  and 


is  amplified  by  a  factor  of  the  order  of  the  Reynolds  number  R  = 


2-,r 

V  V 


H,  L.  Willke,  Jr. 
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XH.  NOISE  IN  ELECTRON  DEvIgES* 

Prof.  H.  H®uis  Profi  R.  P.  Rafuse 

Prof.  P.i  Li  Peiifieid,.  Ji*.  W.  D.  Rurnrnlef 


Researcb  Objectives 

The  researGh  oh  noise  in  eieetron  devices  has  twO  ohJeetiveS: 

(;li)  The  study  of  SpeeifiO  devieeSj  such  as  the  parametric  amplifier  and  the  maser, 
to  determine  the  physical  sourees  Of  noise  and  the  limitations  they  impose  On  the  noise 
performance  of  the  amplifier. 

The  parametric  amplifier  with  coherent  input  signals  at  feoth  the  signal  and  idler 
frequeney,  and  the  degenerate  parametrie  amplifier  are  the  impetus  for  the  second 
objective. 

fii)  The  determination  of  a  measure  of  the  optimum  noise  performance  Of  multiter  - 
mirtal  linear  amplifiers.  The  optimum  noise  performance  Of  a  ilnear  twOport  amplifier 
is  known  to  be  expressible  in  terms  of  its  minimum  nOiSe  measure,  a  quantity  that  is 
characteristic  of  the  amplifier.  The  optimum  noise  perfOrmanGe  of  a  multitermlnat 
pair  amplifier  excited  by  a  multiterminal  pair  SOurGe  is  at  present  Under  study  for  the 
purpose  of  devoloping  an  analogous  measure  for  the  optimum  noise  performance  of 
such  an  amplifier. 

H'.  A.  Haus,  P.  Penfield,  Jr.,  R.  P,  RafUSe 


A,  SOLUTIONS  To  THE  PROBLEM  OF  THE  OpTiMUid  NOISE  PERFORMANCE 
OF  MULf If ERMlNAL  AMPLIFIERS 

in  a  previous  repbft^  we  showed  that  under  Gertain  festrictions  the  stationary  values 
of  signal .ftomoise  ratio  which  can  be  obtained  for  a  specified  value  of  exchangeable 
signal  power  at  a  single -output  terminal  pair  by  imbedding  an  n-terminai  pair  Source 
and  an  m-terminai  pair  amplifier  in  an  n  +  m  +  1  terminal  pair  lossless  nOtwOrk  are 
governed  by  two  coupled  matrix  equations  ™  Eqs.  1  and  2. 


E  e]’,x,  +  2MZ  +Z^)  X,  =  0 
na  na  2  '  «  o'  o 


^a'  "2 


E  E'  +  2MZ+Z 
n  n 


t)]*,  =0 


(1) 

(2) 


By  a  simpler  derivation,  it  has  been  established  that  Eqs.  1  and  2  are  valid  regardless 
of  the  nature  of  the  matrices  characterizing  the  source  and  amplifier  networks;  how¬ 
ever,  for  simplicity  we  shall  assume  here  that  E^E^  is  positive  definite,  Z  +  is 

positive  definite,  and  Z  +  z|  is  indefinite, 

a  a 

Components  of  the  vectors  Xj  and  X2  may  be  interpreted  as  complex  voltage  ratios. 
For  instance,  with  all  voltage  sources  in  the  source  and  amplifier  short-circuited 


This  work  was  suppoFted  in  part  by  Purchase  Order  DDL  B-Q0368  with  Lincoln 
Laboratory,  a  center  fpr  research  operated  by  Massachusetts  Institute  of  Technology 
with  the  joint  support  of  the  U.  S.  Army,  Na\y,  and  Air  Foree  under  Air  Force  Contract 
AFl  9(604) -7400, 
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except  the  source  represerited'  by  which  is  the  open-circuit  signal  voitage  at  the 

first  terSiinal  ipair  of  the  source  network^  the  opeh-eircuit  voltage  at  the  output  termi¬ 
nal  pair  is  where  x^,^  is  the  first  Gomponent  of  the  vector  Xj.  Similarlyj  the 

components  of  x^  relate  the  open -circuit  noise  voltage  at  the  output  terminal  pair  s  to  the 
open-cireuit  voltages  Of  the  amplifier.  Imbedding  the  source  and  amplifier  networks  in 
a  given  n  +  m  +  1  terminal  pair  lossless  network  enables  US  to  define  a  unique  pair  of 
vectors  Xj  and  X2.  The  reverse  is  not  true;  it  can  be  shown  that  there  are  an  infinite 

number  Of  lossless  networks  corresponding  to  a  particular  pair  Of  vectors  x,  and  x_. 

(i)  ^  - 

For  Eq.  1  there  are  n  eigenvalues  k.  and  eigenvectors  .  We  may  express  the 
eigenvalue  in  terms  of  its  eigenvectors  as 


X.  =  - 
1 


For  eonvenience  later.  We  shall  label  the  smallest  pOSitiye  eigenvalue  as  X^  and  the 
remaihing  positive  eigenvalues  in  aseending  order,  and  we  shall  label  the  smallest  neg¬ 
ative  eigenvalues  X^  and  the  remaining  negative  eigenvalues  in  dese ending  order. 

Equation  2^  On  the  other  hand,  has  n  solutions  for  each  Of  the  in  eigenvalues  X^  of 
Eq.  1;  this  gives  US  a  total  Of  nXm  sets  of  solutions  to  ^qs.  1  and  2.  Using  a 
double -subicript  notation  for  these  eigenvalues  and  eigenvector s;  we  may  express  the 
eigenvalue  in  terms  of  X^  and  the  eigenvector  x|^^^  as 


L.  +  2X.x5^J'T(£*2T) 


-S-1 


Here,  we  number  our  eigenvalues  for  a  given  Xj^  by  the  order  of  the  value  of  their  recip^ 
rocals;  the  minimum  value  Pf  l/p^  (WMeh  may  be  negative)  is  l/pjj  und  the  maximum 


We  would  now  like  to  relate  the  quantities  of  interest,  namely  the  signal- 
to-nQise  ratio  at  the  output  and  the  exchangeable  signal  power  at  the  output, 
to  the  eigenvalues  derived  from  Eqs.  1  and  2.  For  the  optimal  imbedding  net-^ 
work  corresponding  to  a  set  of  values  X^  and  we  write  the  signal -to -noise 
ratio  as 

.  _  1  S  S  1 

I  -  . . .  . ,  /g  % 

x(iJ)tE_Et  xW^  +  E  E^I" 

1  n  n  1  2  na  na  2 

and  the  exchangeable  signal  power  as 
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E  E^  4^' 
s  s  1 


2x^^' '  tz+E^)  +  ax 


2 


(v4^ 


UJi) 


(6) 


We  iiow  See  why  these  quantities  do  not  aippear  direGtly  as  eigenvalues.  In  Eq.  3  we  see 
that  hi  is  independent  of  the  magnitude  of  similarly^  p*.  in  Eq.  4  is  independent  of 
the  magnitude  of  X|  On  the  other  hand,  both  of  the  quantities  defined  in  Eqs.  S  and  6 
are  dependent  on  the  relative  magnitude  of  x|^-  and  We  can  explicitly  demonstrate 

the  cOnsequenees  of  this  by  Gonsidering  the  particular  realization  Of  the  optimal  network 
that  places  this  fact  in  evidence. 

'Consider  an  imbedding  of  the  m -terminal  pair  ampltfier  in  an  arbitrary  m  +  I  ter¬ 
minal  pair  lossiess  network.  We  khow  that  we  can  always  pick  this  net  work  in  such  a 
manher  that  the  mean .i- square  voltage  and  the  real  part  of  the  impedance  at  the  output 

terminal  pair  are  x^^^  ^®na®na^2  ^  ^ '(^a^  ^2  ^  ’  respeGtivelyj  where 

x^*^  is  a  vector  that  is  proportional  to  x|^^  Simiiariy,  we  can  lossiessiy  reduce  the 
Source  network  to  a  one-*terminai  pair  network  with  meatt^sqnare  signal  voltage 


Fig,  XII^l,  Realization  of  the  optimal  network. 
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;e|  meari-siquar'e  noise  voltage  x  ^  ^  E^  E^  atnd  irnpedance 

1/2  (ZH-  Z^;)  Comfeining  these  two  rehufeed  networks  aS  shown  in  Fig.  XiI-1, 

We  see  that  the  signal -to -noise  ratio  and  the  exchangeable  Signal  power  at  the  output  ar  e 
given  by  EqSi  5  and  ’6 >  respeetively,.  Where  x|^"^  -  hx|P  .  This  network  is  optirnal  in  the 
sense  Of  Eqs.  1  and  2  for  any  Value  of  n.  We  see  that  varying  the  transformer  ratio  is 
equivalent  to  Varying  the  ratio  of  |:x|^^|  to  |x|f^^|i  Physieallyj  then,  when  we  vary  n 

or  |  x|^^|/  ij|x|^^'^iji ,  we  are  ehanging  the  amount  of  our  use  of  the  amplifier,  since  we  are 
changing  the  exchangeabie  signal  power  at  the  output  and,  thereby,  also  ehanging  the 
signal -to -noise  ratio  at  the  output.  This  interpr  etation  is  aetually  compietelj  general 
and  independent  of  the  partieular  imbedding  network  that  we  are  usingi  However,  in 
general,  variation  of  the  ratio  of  ||x^, I  to  |  x|^^^|  can  Gorrespond  to  some  eomplex 
Variation  of  the  tnabedding  network  because  of  the  multiple  feedback  loops  that  may 
exist  between  the  source  and  amplifier  networks.  Figure  XlI-1,  then,  just  gives  a 
convenient  way  of  visualizing  the  effects  of  varying  the  ratio  of  |  x^^^l  to  ijx^  '^| . 

we  see  then  that  setting  the  ratio  of  ;|  x|^^|  to  f  xj^^'^j  equal  to  zero  or,  equivalently, 
setting  n=0  is  the  same  as  throwing  away  the  amptifier.  The  values  of  and  p^j  for 
this  limit  are  just  the  signsd  ^to -noise  ratio  and  the  exchangeable  power  of  the  source 
network  alone.  We  designate  these  two  quantities  as 


%s 


*1  S  . -1.. 


Jijlt  £ 

*1  •n*n -1 


(7) 


^  IJ.  s 


E^  x^^' 


2x^-»'  '  (Z+Z')  x^' 


respectively, 

It  follows  that  for  a  given  pair  of  eigenvalues  X,.  and  a.,  we  may  vary  q-,.,  and  p. . 
by  varying  the  ratio  of  the  magnitudes  of  the  eigenveetprs,  that  is,  by  varying  only  the 
transformer  ratio  in  Fig,  XII-1.  Such  a  variation  enables  us  to  plot  the  stationary 
values  of  signal -to -noise  ratio  as  a  function  of  the  exchangeable  signal  power  at  the  out¬ 
put  corresponding  to  this  particular  solution  t©  Eqs,  1  and  2,  For  this  piirpQse  we  need 
the  relation 


>Aij  -  -  VPij. 


(9) 


which  may  be  verified  by  using  Eqs.  3  -6,  From  Eq,  9  we  see  that  it  is  more  conven¬ 
ient  to  plot  characteristic  curves  of  l/<ry  as  a  function  pf  l/p^j-  In  the  -  l/Pjj 

plane  these  charaoteristie  curves  are  straight  lines  with  slopes  and  intercepts 
l/pjj  with  the  l/o^jj  axis.  Thus  a  set  of  eigenvalues  X.^  and  merely  determine  a 
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eiaafaeteristic  line  in  the  -  l/Pii,  plane;  rndreoveri  we  see  that  for  the  stateh 

pnobiem  there  are  a  X  m  sueh  linesj 

It  must  be  pointed'  out,,  however,;  that  only  pne-half  of  a  charaGtefistic  line  is  real¬ 
izable.  Comparing  Eqs.  5  and  7,  we  see  that 


im 


and,  using  Eqs.  4,  7,  S,  and  1*0  in  Eq.  %  we  find  that  either 


X.  >0  and  l/p..^g 


or 


(11) 


X.  <  0  and  1/Pij  »  s‘ 

The  equality  signs  in  Eqs.  10  and  11  will  hold  only  when  is  zerOj  that  is, 

the  realizable  one  -half  of  the  characteristie  line  ends  at  the  point  deterSiined  by  the 

souree  ^  the  point  whose  eoordinates  are  «  and  l/p-,  -  Henee,  in  the  l/p-. .  -  1/p. . 

®  '  *3'i  p  y  y 

plane  we  Gan  realise  only  the  One^half  Of  the  Gharaeteristie  line  that  is  above  and  to  the 


left  of  the  souree  point  for  negative  X^,  and  above  and  to  the  fight  of  the  sOuree  point  fOf 
positive  X^.  We  e an  Only  aOhieVe  a  signal ^tOi’noise  ratio  equal  to  at  infinite  exehange- 
able  signal  power  if  l/Py  ^  0  satisfies  one  of  the  inequalities  of  Eq.  11, 

In  displaying  the  Solution  to  the  optinaization  pf  obiefn  in  the  ■ 

shall  show  only  those  solutions  for  a  given  x^  which  eorrespond  to  the  minimum 

value  of  i/p^,  and  l/p£^»  the  inaxlmum  value  Of  l/p^.  We  would  liKe  to  find  where  the 
end  points  of  these  charaeteristiG  curves  lie  in  the  l/<ty  -  l/pij  plane.  If  we  consider 
hpw  these  end  points  change  as  X^  changes,  we  find  that  they  generate  a  closed  curVe. 
This  is  illustrated  in  Fig,  XII »2,  in  which  Several  of  these  characteristic  curves  are 


shoMWi  as  they  must  appear  for  ppsitiye  X's  and  minimum  l/p^,  With  reference 
to  Fig,  XII-l,  when  we  vary  X^^  we  are  changing  amplifiers  and  then  reoptimizing  the 
source  for  use  with  this  new  amplifier  and  thereby  obtaining  a  new  soxirce  point. 
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Fig:.  XiI-3:.  TypiGai  set  pf  GhaSaetefisfic  eufyeS, 


file  elGBedi  Gurve  generated  is  tangent  to  eaGii  of  tfee  chafactefistis  lines,  PhySiGally, 
this  Gurve  f  ep'FeSents.  the  boundary  of  the  region  of  vaines  Of  the  noise  =to -.signal  ratio 
and  the  reGiproeal  of  the  exGfeahgeable  signal  power  that  niay  be  obtained  at  the  Output 
by  imbedding  only  the  souree  network*  and  hot  the  amplifier,  in  an  arbitrary  lossless 
imbedding  network. 

In  Fig.  xn>3  We  Show  a  typical  plot  of  eharaeteristie  Gurves  for  a  positiye  definite 
source  and  an  amplifier  haying  both  positive  and  negative  eigenvalues.  We  have  shown 
only  those  eharaeteristie s  Gorresponding  to  extremal  values  pf  l/p^^  for  four  values  of 
^  the  two  smallest  positive  eigenvalues  and  the  two  smallest  negative  eigenvalues. 

(All  solutions  eorrespondihg  to  intermediate  eigenvalues  of  l/ii^^  would  give  rise  to 
Gharaeteristic  eurves  that  terminate  at  points  inside  the  souree  region, )  All  of  these 
characteristics  may  be  interpreted.  The  line  characterized  by  and  Uy  1®  the  true 
optimum  ^performance  eurve.  It  is  the  curve  of  tjhe  maximum  signal  ^-tp -noise  ratio  as 
a  function  of  exchangeable  signal  power  for  exchangeable  signal  power  greater  than  p^, 
The  line  eharacterized  by  X.j  and  represents  the  worst  way  of  increasing  exchange 
able  signal  power  with  the  best  reductipn  of  the  amplifier.  The  line  characterized  by 
X2  and  (I2  J!  ^  locus  of  points  of  stationary  signal -to -noise  ratio  for  fixed 

exchangeable  signal  powers.  This  same  statement  applies  to  all  of  the  curves  shown, 
The  line  eharaeterized  by  and  represents  the  best  way  of  reducing  the 
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exehangieable  signal  power  below  Pp.  Sinee  is  negative  here,  we  are  using  the 
amplifier  as  a  ppsitive  resistor;  for  that  matter*  we  are  using  the  least  noisy  positive 
resistor  appearing  in  the  oannonic  form  of  the  amplifier. 

W.  P.  Rummler 
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plasma  dynamics 


Phis  heading  Gdvers  ali  of  the  work  that  is  supported  in  (part  by  the  National  Scienee 
Foundation  and  is  under  the  Over -all  supervision  of  the  Piasrna  Dynamics  Committee 
of  mo  Massachusetts  Institute  Of  TeGhnologys  Phe  general  objective  is  tO  eOmbine  the 
technical  knowledge  of  several  departments:,  in  a  broad  attempt  to  Understand  electrical 
plasmas,  to  GOntrol  them  j  and  to  appiy  them  to  the  needs  Of  cOmmUnicaiiOn,  propulSiOni 
power  conversion,  and  thermOnUeiear  processes . 

{Phe  members  of  the  Plasma  Dynamics  Committee  are:  Prof.  S .  C »  BrOwn  (Chairman), 
Prof,  D.  Ji  Rose,  Prof,  A.  H.  Shapiro,  Prof.  L.  D.  SmUliin,  Prof.  H.  J.  Zimmermann. ) 
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RESEARCH  aBjECpiVES 


Phe  aim  of  this  group  continues  to  be  the  study  of  the  fundamental  properties  Of 
plasmas  with  particular  emphasis  oh  plasmas  in  magnetic  fields .  In  emphasizihg  our 
interest  in  high^density  plasmas,  we  have  spent  a  great  deal  of  effort  on  production 
of  plasmas  of  high^percentage  iomzation  at  low  pressures  under  steady-state  conditions, 
the  aGhievement  of  which  will  allow  us  to  carry  on  the  fundamental  studies  in  which  we 
are  most  Interested, 

We  are  also  studying  ways  of  determining  the  characteristies  of  plasmas  by  means 
of  microwaves  and  infrared  opties.  Along  with  these  produetipn  and  diagnoStie  studies, 
we  are  Gontinuing  measurements  on  the  fundamental  physics  of  loss  and  gain  meehanisms 
of  electrons  in  plasmas  in  magnetic  fields.  Emphasis  is  also  being  piaeed  on  the  study 
of  mierowave  radiation  from  plasmas,  with  and  Without  magnetie  fields,  both  as  a  tpol 
fpr  measuring  the  plasma  temperature  and  thermal  properties  and  as  a  means  Pf  under^ 
standing  more  about  the  motion  of  electrons  and  ipnS  in  magnetie  fields , 

Theoretical  work  has  been  concentrated  on  the  study  of  waves  in  plasmas  and  pf  sta¬ 
tistical  thpories  of  the  nature  of  a  plasma, 

S.  C.  Brown 

A,  LOW-FREQUENCY  PLASMA  WAVES 

A  study  has  been  initiated  into  the  response  of  plasmas  at  frequencies  much  below 
the  electron  plasma  frequency.  Qur  object  is  to  establish  longitudinal  ion  plasma  waves 


3^ 

This  work  was  supported  in  part  by  the  U.S,  Atomic  Energy  Commission 
{Contract  AT(30-.l)-rl842);  inpart  by  the  U.S.  Air  Force  (EleetroniP  Systems  Division) 
under  Contract  AF19(604)-5992;  arid  in  part  by  the  National  Scienee  Foundation  (Grant 
0^24073), 
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in  a  plasma  Gplumn  and  measure  their  prdpagatibn  and  attenuation  eKaracteristicS .  The 
experimentai  arrangement  show  ih  XIH-l  haS  been  built  and  is  at  present  under 
test.. 

The  fundamentai  idea  behind  the  experiment  iS  to  produce  a  plasma  column  with  cw 
microwave  power  into  the  'I'E^  j  j  mode  of  the  cavity.  The  frequency  is  adjusted  to  the 
eiectron-cyciotrOH  frequency  for  resonanGe  heating  at  low  gas  pressures.  A  small  mod¬ 
ulation  is  then  impressed  on  the  microwave  power  to  vary  the  electron  heating  Within 


Figi  Sapermaentai  apparatus 


the  cavity.  As  the  electron  energy  is  varied*  the  ionization  frequency  should  also  be 
modulated,  and  hence  there  will  be  a  local  modulation  in  the  electron  and  ion  density. 
Simple  caleulations  of  the  ion  plasma  wave  show  that  for  frequencies  of  approximately 
1  me  the  wavelength  of  the  ion  (and  eleetron)  density  perturbations  can  be  made  as  small 
as  a  few  centimeters,  and  we  should  observe  a  definite  wave  propagating  down  the  col¬ 
umn. 


The  presence  of  the  wave  is  particularly  easy  to  determine  by  measuring  the  poten¬ 
tial  that  is  external  to  the  plasma  column  at  the  modulation  frequency.  Typical  data 
are  shown  in  Fig,  XIII -2, 


The  appearance  of  the  ac  potential  at  the  modulation  frequency  seems  to  be  asso¬ 
ciated  with  the  flow  pf  charges  in  the  body  of  the  plasma,  and  because  of  the  extremely 
long  wavelength,  it  must  be  a  flow  of  the  hot  electrons  rather  than  the  cold  ions.  Since 


the 


electron  plasma  wave  is  attenuated  for  frequencies  below  w 


P* 


we  were  eneouraged 


to  re-examine  these  waves  with  particular  reference  to  the  meehanism  for  transport 
of  energy,  The  normal  Boltzmann  formulation  for  eleetron  waves  is  solved  for  the  per¬ 
turbation  of  the  distribution  function  away  from  some  equilibrium  distribution,  Coupling 
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BEGINNt'NQT 
OF  CAVITY^ 
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GM 


Fig.  A-Q  a^plitu4e  of  L  1  ^rjlQ  $igti^l6ti. mov¬ 

able  ring  pickup  when  S-batid  power 
into  cavity  is  modulated  at  I  ,  i  ine, 


this  result  with  Ppisspii*  s  equation,  we  get  the  dispersipji  relatiori  (assuming 

Vp=G:) 


2 

CO 


r 


f  dv 
Q 


op  {pji-^k  ’  y) 


2  • 


The  dlffieulties  of  this  integral  are  assoeiated  with  the  pple  at  V  ^  “A  and  lead  to  the 
phenomenon  of  Landau  damping?  If  we  approximate  the  denominator  for  small  yelpoities, 
we  get 


2  2  ^  2  ,  ^2 
“  =  Up  +  3  k  , 


(2) 


This  steady-state  dispersipn,  however,  cannot  be  valid  for  the  more  complicated 
boundary?? value  problem  in  whieh  the  electron  energy  is  periodically  varied  at 
some  plane-  The  propagation  characteristic  will,  in  fact,  depend  on  the  partic¬ 
ular  variation  of  the  distribution  function,  and  also  on  the  unperturbed  distri¬ 
bution  function. 
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•L. 


At  this  pointj  therefore^  we  switeh  to  a  hydrodynarnic  approach  that  assuredly  will 
miss  Landau  damping  bUt^  on  the  other  hand,  will  show  hOw  momentum  and  energy  are 
transported  in  this  longitudinai  wavei  The  derivation  starts  with  the  first  four  moments 
of  the  transport  equation .  For  simplicityj  we  assume  that  eieGtrons  collide  with  neutr  als 
and  that  it  is  possible  to  define  a  looal  temperature  T  associated  with  a  Maxwellian  dis¬ 
tribution  of  velocities .  This  derivation  thus  differs  from  the  Boltzmann  approach,  which 
actually  tries  to  Solve  for  the  local  distributioni 


■||.+  V  >r=  G 

(3) 

9  F,  #7  /  he  Tx 

E  =  -  v  r 

m  G 

(4 

1^1  tnT) 

1  tT  'E  .  .  «g  (T-V,) 

m 

B  H  .  5  ne  T^ 

3 1  ■*"  m 

+J  ^ 

2  m  e 

(4 

where 

n  =  partiGies/M~  =  eoilisions/sec 

r  =  particles /M  -  sec  g  -  ener|y^l©ss  parameter 

H  =  voltS/M^  Sec  B  -  volts/M 

T  -  volts 


One  can  derive  Eq.  2  from  Eqs.  3  and  4  by  making  an  assumption  about  the  temp¬ 
erature  variation  in  the  longitudinal  wave,  that  is,  either  assuming  it  to  be  isothermal 
or  adiabatic,  and  linearizing  the  equations  with  small  perturbations  of  the  variables ,  A 
more  complete  analysis  is  made  possible  by  assuming  an  arbitrary  variation  in  the 
temperature,  and  by  linearizing  all  four  equations.  For  smallnslgnal  analysis,  we 
assume  that 


f  = 


o  — 


Now  we  set  the  collision  frequency  equal  to  zero,  oven  though  this  is  con¬ 
trary  to  our  assumption  of  a  maintained  local  Maxwellian  distribution*  The  char¬ 
acter  of  the  resulting  waves  will  thus  become  evident,  and  We  can  add  collisional 
damping  later  .  The  determinant  of  the  linearized  equations,  although  rather  com¬ 
plex,  results  in  a  dispersion  relation  that,  when  written  in  nondimensional  form, 
is 


QPR  No,  68 


64 


c 


-  -2  2  '  2  '  2  -  2  -  ''  2  •  2  •  - 

where  W  =  w  /wpj  arid  K  =  k  (eT^/m)'  /w^  i  There  are  two  waves  aSsoGiated  withEq*  7^ 

both  of  whiGh  are  shown  in  Fig.  XIII-3.  Wave  I  is  like  the  flormal  eiectrOh  plasina  wave* 
while  wave  fl  propagates  down  to  zero  freqaencyi  The  ratio  of  heat  iLOw  H  to  partiele 
flow  r  for  these  waves  is 


For  wave  H*  the  heat  flow  is  zero  at  w  =  and  the  Waveiength  is  finite  i  At  very  low 
frequencies.  Wave  H  has  a  large  Wavelength  and  phase  velocity  equal  to  the  adiabatic 
electron  sound  veloeityi  This  result  seems  to  predict  closer  correlation  with  Our  exper¬ 
imental  results  than  Eq,i  2  . 

The  presence  of  two  eiectron  waves  is  Somewhat  piauSible*  since  we  know  that  it  is 
physically  possible  to  excite  independent  variations  in  electron  density  and  temperature 
at  Sorne  piane  in  the  plasma*  and  thus  two  waves  will  be  needed  to  Satisfy  these  boundary 
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condi-tiphSi  Experimental  and  theoretical  work  is  continuing. 

D.  Hi  WhitehoUse*  Pi  W.  Jameson 


Bi  DECAMETEH  RADIATION  FROM  JUPITER 

This  report  is  a  summary  of  a  paper  that  has  been  submitted  for  publiPatiOh  to 
Nature. 

The  observed  eorrelation  betweeni  solar -flare  aGtivity  and  intense  radio  bursts  from 
Jupiter  in  the  5-38  me  region  has  prompted  several  Suggestions  about  the  origins  of  this 
radiatiOa.  With  the  premise  that  the  radioaotivity  is  brought  on  by  sudden  eruptions 
of  fast  solar  eieGtrons  as  they  arrive  at  Jupiteri  we  have  shown  that  an  existing  theory 
for  maserlike  ampiifiGation  of  synchrotron  radiation  from  electrons  with  a  non -Maxwellian 
energy  distribution  orbiting  in  the  Jovian  magnetospher  e  ean  provide  a  quantitative  model 
for  the  emission. 

The  theory  predicts  a  narrow  frequency  band  of  amptificatiGn  near  the  local  electron 

gyrofrequenGy,  but  the  intensity  predieted  for  the  second  and  higher  harmonics  is  smaller 

than  that  of  the  fundamental  by  more  than  four  orders  of  magnitude  .  Thus  the  appearance 

of  a  single  band  of  radiation  should  not  rule  out  the  synchrotron  meehanismj  as  has 
2 

been  suggested. 

(3.  Bekefi,  J.  L.  Hirshfield 

(Dr.  J.  L,  Hirshfield  is  in  the  Departmeht  Of  Physies,  Vale  University.) 
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BESEARGB  ©BJEGTlVES 

1  i  Pl-asiaas  for  Eieetrical  Energy  G’Snvef  sioil 

The  group  working  in  pMsma  electronics  is  eonOerned  with  the  synthesizing  or  design 
of  particular  plasnia  systems  to  perlprm  specified  functions^  The  research  program 
deserifeed  heiow  is  primarily  cpncerne#  With  the  piasHia  as  a  component  of  a  power  geni* 
'erator-:  either  controlled  thermonuelear  fusion  or  magn'etohydrOdynamiG:.  Ts  this  end, 
we  are  studying  several  methods  of  producing  ani  oontaining  dense,  hot  plasmas ,  we 
are  also  concerned  with  the  collective  behavior  of  plasmas  of  fmite  dimeHSienS'.  ^d 
are  studying  poSiSihle  meahs  of  Stiergy  extractlOhi  Thus  we  are  led  to  the  investigation 
of  MEdB  waves  on  moving  plasma  streams,  and  of  waves'  in  plasma  waveguides  and  their 
Stability. 

BeamgPlasma  Discharge,  Puring  the  Past  year  we  have  shown  that  a  relatively 
dens'e'^iasnia'"can  'be'pr©dag.ed  hy  an  electron  beam  injected  into  a  low-pressas'e  drift 
region-.  This  phenomenon  iS  basiGaily  a  miGrOwaVe  discharge,  in  which  the  Strong 
rnm-rowave  fields  are  produced  by  the'  interaGtiOn  between  the  beam  and  the  plasma 

12  3 

aiready  present,  With  a  IQ-^kv,  1-amp,  100-pseC  pulsed  beam*  plasmas  Of  5  X  iQ  /cm 
density  tod  very  high  electron  temperatures  have  been  produced. 

During  the  Coming  year  we  shall  extend  this  work,  using  more  powerful  beanis  (lO-kv, 
10-amps  from  a  magnetron  injection  gun),  and  injected  mplecular  beams.,  These  tech- 
niqufiS  should  allow  hs  to  approach  100  per  cent  ionization,  tod  we  should  begin  to  see 
relatively  higb-temperature  iohs  as  a  result  of  ohmic  heating.  We  shall  have  four  expert 
iments  running,  devoted  to  the  detailed  study  of  varipus  aspects  of  the  beam-plasma 
discharge, 

L,  D,  Smullin,  W,  D.  Getty 


Electron  Gyclotrpn  Resonant  Discharge.  Our  preliminary  experiments,  using 
~  0,  5  Mw  of  10 -cm  power,  have  resulted  m  producing  an  intense  discharge  from  which 
2-MeV  x-rayS  emanate.  Because  of  lack  of  room  for  suitable  shielding,  the  experiments 
were  temporarily  abandoned.  We  are  now  rebuilding  our  high-power  experiment  in 
another  wing  of  the  Research  Laboratory  of  Electronics,  where  suitable  shielding  can 


This  work  was  supported  in  part  by  the  National  Science  Foundation  (Grant  G-24073,).; 
in  part  by  the  U,  S.  Navy  (Office  of  Naval  Research)  under  Gontract  Nonr- 184 1(78),  and 
in  part  by  Purchase  Order  DDL  B-00368  with  Lincoln  Laboratory,  a  center  for  research 
operated  by  MassaGhusetts  Institute  of  Technology  with  the  joint  support  of  the  D,  S. 
Army,  Navy,  and  Air  Force  under  Air  Force  Gontract  AF  19(604j.74:oo, 
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fife  iiistailfed^  aridi  a  iow-pfewfer  (~  1;0O^  kw)  system  is  also  being  aSsemfile^. 
SiSSt^^ognak  is  fifeSig  devfelpped  for  studying  felfec^on  traoeetOries  under  the  influ- 
enofe  of  an  rf  field  and  a  mirror  (nonuniform)  magnetostatie 

Bv  J.  Hose,  L.  B.  Smuliim,  G.  Fiocco 

TOOmson  Scattering  of  Bigfit  from  Eleetrens.,  The  first  latoOraim^Serv^ion^ 
light  scattering  by  electrons  was  made  m  the  Research  Laboratory  of  Electronics  in 
Si.  bySng  a  laserbeam.  Durh^  the  coming  year,  we  plan  to  develop 

this  technique  into  a  useful  tool  for  plasma  diagnostics..  ^  E.  Thompson 

Theory  of  Active  ai^  Passive  Anisotropic  Waveguides.  The  work  on  this  topic  will 
proceed  along  two  lines: 

m  Development  of  smaR-SignM  energy  and  momentum-Con^rvmi^  prfi^esThat 
are  applicable  to  the  linearized  equations  of  anisotropic  waveguides  in  the  absence  _ 
lossf^Sse  are  used  to  obtain  criteria  for  the  stability  or  amplifying  nature  of  the 

waves  in  these  Systems. 

(ii)  Apalysis  of  specific  waveguides  of  current  interest,  ^d  determination  Of  therr 
dispersion:  eharaCteristics. 

the  dispersitjn  charaeteristlcs  may  fie  also  used  to  test  tfie  general  criteria  obtained 

from  the  Gonservation  principles,  ^ 

Mgg^PtohvdrodvnamiCs  Power  0^^  We  are  studying  the  pcs ^iWtieS^^ 

ener^ktraction  ffpm  moving  fluids  through  Couplmg  of 

tWe  fliiid  Both  the  linearized  problem  in  two  of  three  dimensions,  and  the  aonlmea 
eSiaSns  intcS'SsionaLgeCmW  are  being  studied; 

tiln  of  geometric  pafameters  are  sought  from  the  former,  saturation  effects  and  effi 
CienceS  are  studied  through  the  latter.  Haus 


2.  Highly  Ionized  Plasma  and  Fusion  Research 


wiasTfia  kinetic  Theory.  Methods  of  solving  the  plasma  kinetic  equations,  mcludmg 
the  S-SefS  selt-gehStted  wd  externsUy  .pplied  eleetrsnagmtle 

WeeePSful'ly  deveioped.  This  work,  which  leads  to  rigorous  predictions  of  plasma  prop, 
erties,  will  be  continued  and  extended.  Bupfee 


rhanged-Particle  Confinement  by  Npnadiabatie  Mptipn.  Injectipn  of  ions  or  elee- 
trons  intC  a  magnetic  mirror  fir  othCr  confining  structure  by  spatially  psonant  field 
perturbations  is  a  continuing  project.  A  STmeter  long  experimeat 

in  a  mirror  field  (200  gauss  central  section)  is  bemg  eonstructed,  and  the  theories  o 
initial  trapping  and  eventual  confinement  time  are  being  refined. 

Lt  M,  Lidsky,  D.  J,  Rose 


A  large  superconducting  magnet  (rpomTtemperature 


Superconducting  Magnets,  ^ 

working  space.  0.  05  m^)  will  be  completed  early  this  year:  engineering 
that  have  been  worked  out  for  such  systems  have  been  reported,  and  the  magnet  itself 
is  expected  to  be  used  for  plasma-confinement  experiments.  Studies  of 
parasitic  diamagnetic  current  generation,  and  general  operating  behavior  of  the  magnet 
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.  ^ 


in  variciuB  field  eonfiguratidns  will  be  earf red'  out^ 

Di  Jj  Rose 

Thermonuclear  ^Blanket  Studies,  Caleulatioas  car  ried  OUi  over  the  past  year  on 
neutron  slowing  dowhj  neutron  mUitiplication,  trltiuni  regeneration,  heat  transfer,  and 
energy  recovery  are  iDeiilg  extended  to  include  other  important  effects.  Principal  effects 
are:  addition  of  fissionable  materials,  gamma  transport,  and  coil  shielding.  Experi¬ 
ments  with  14  Mev  neutrons  from  Van  de  Graaf  D-T  reactions  on  fusion  blanket  moCk-up 
assemblies  continue. 

D  .  J,  Rose  ,  i.  Kaplan 

Ce s ium , PlaSinas .  With  a  v?  ew  to  eventual  electrical  energy  COnyersiOn  from  nuclear 
heat  and  other  prinie  sources,  the  physical  properties  Of  the  cesium  plasma  itself  and  a 
numiber  of  experimental  devices  are  being  Studied. 

E.  P.  GyftOpOuioS 

Arc  -  Plasma  Studie s .  The  hollow-cathode  source  previousiy  deveioped  and  r6iported 

On  will  be  Used  to  generate  plasmas  in  the  density  range  10'  /cm  ,,  90-95  per  cent 
ionized  by  pulse  techniques ,  to  Study  plasma  stability  in  long  plasma  columns,-  and  to 
obtain  a  ''standard  '*  for  eOmpariSon  of  diagnoStie  meth^s. 

L,  M.  Lidsl^ 


A,  NOKyNEAR  ONE -dimensional  magnetghydropyNamio  monotron 


A  iinearized  anaiysis  of  the  one-dimensibnal  rnagnetehydrodynamic  (MHD)  monotron 
has  previously  been  carried  out  by  Hausi^  The  present  work  myoives  a  nonlinear  anal¬ 
ysis  of  the  same  device,  The  amplitude  of  the  oscillations  as  limited  by  the  nohlinearl- 
ties  can  be  dgtermmed,  and,  in  particular,  the  efficiency  of  the  device  as  an  energy 
converter  can  be  Obtained.  We  have  been  able  to  solve  the  problem  Of  the  nonlinear  one¬ 
dimensional  MlSD  monotron  of  the  same  geometry  as  that  of  Haus^  when  the  coil  is  ter¬ 
minated  by  a  parallel  combination  of  a  load  conductance  and  a  sinusoidal  current  source 
(exciter),  under  the  following  assumed  conditions:  (a)  the  ratio  of  the  specific  heats  of 
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the  fluid  is  2;  (hj  the  fl.ow  remains  gUpercFitiGai  throughout  the  entire  flow  field:;  arid 
(g)  the  fluid  is'  Unperturbed  at  t  =  6, 

The  monotron  connected  to  the  esternal  circuit  is  shown  in  Fig.  XIV- 1.  The  sheets 
coupling  to  the  fluid  carry  eurrent  Of  density  K^j  and  the  termtnEd.  GUrrent  is  thus  I  =  hK^. 
For  v  =  2,  the  normalized  equations  Of  motion  for  the  fluid  are 

a  v  ,  w  AV  _^2  8  R  T 

pji  +  V^+c^-J  (1.) 

in  which  the  normalized  variables  are  Z  =  ^  Zj  T  =  cut,  V{Z,  T)  =  R(Z,  T)  = 

e  0  o  ^o 

^  '0  ... 

G  =  and  J  =  is  the  normalized  driving  current  densityi  Here,  and  p,^ 

”o  o  0 

are  the  entry  velocity  and  the  entry  densttyi  respectivelyj  c  is  the  smail-signal 

magnetOaeOustic  speeU,  and  w  is  the  frequeney  of  the  source.  Equations  1  and  2  can 

...  .  -  ...  2 
be  obtained,  for  exainplej  by  combining  Eqs.  1-6  of  ilaus  and  Schneider. 

A  Gompietely  equivalent  desGriptiOn  of  the  fluid  is  provided  by  the  so-called  eharac- 

teristic  equatiQnSi '  which  are  essentially  lineaF  combinations  of  Eqs.  1  hnd  2  arraiiged 

to  place  in  evidence  the  fast-  and  slow-wave  natUFe  of  the  SOlutiQni 

^ iv+2q)  +  (V+G)  ^  (V+2C)  »  J  (3 ) 

^  (Y-^ZC)  +  (V-G)  ^  (y-2G)  =  j 

Mere,  C  =  q  is  the  local  magnetoacoustic  speed.  Except  for  the  Gurrent  terms  on 
the  right-hand  side,  these  equations  are  identical  with  those  describing  the  propagation 
of  Water  (gravity)  waves  in  shallow  water,  Indeed,  our  study  of  the  speeiEtl  ease  \  =  2 
was  prompted  in  part  by  noting  this  similarity, 

To  obtain  boundary  conditions,  we  study  the  effect  wrought  On  the  fluid  by  the  eurrent 
Sheets,  When  Eqs,  1  and  2  are  integrated  across  each  of  the  eurrent  sheets,  we  obtain 


^2  ^2 


^1  2 
-T 


V2R2  -  V,R,  =  Q 


-  ^3% 


QPR  No,  68 


TO 


(XIV.  PLASMA  ELECTRONICS) 


The  subsefipts  1 .  2,  3  i  and  4  indiGate  that  the  quantities  are  evaluated  at  Z  =  0-i  Z  =  0+, 

Z  =  L-j  and  Z  =  Li-,  respeetiveiyi  The  normalized  sheet  current  density  is  given  by 
6 

K  =  - 


■i% 


p.  V 

o 


Provided  thsit  both  the  fast  arid  slow  waves  at  Z  =  0+  are  forward  waves,  the  fluid 
upstream  from  the  current  sheet  is  unaffected,  and  thus  =  1  and  R,  =  The  hOr- 

L.  1-  * 

maiized  terminal  Vdltage  ®  =  g— is  given  by 


$  =  1 


V3R3. 


(:9) 


The  circuit,  a  conductance  G  in  parallel  with  an  exciting  current  source  i  (T)  =  I  sin  T, 

s 

has  the  volt-ampere  relation 

I  sin  T  =  hK  V  +  wv  B  G4 ,  ( 1 

a  o  o 

The  combination  of  Eqs.  5,  6*  9,  and  10  furnishes  the  relatipn  that  expresses  the  effect 
of  the  circuit  upon  the  fluid: 

v|  ■f{2P(i^V3R3Hl+2  c^)-2S  sin  if  +  21^  =  0«  (11 ) 

The  fact  that  the  fluid  veloci^  at  Z  =  0  must  be  edhtinuous  in  th#  hmit  pf  zero  sheet 
eurrent  requires  that  the  iargest  ppsitive  real  root  pf  the  eubiG  equation  fpr  be 

B  vB^G 

chosen.  The  parameter  S  =  ~ I  expresses  the  strength  cf  the  source:  P  = 

expressea  the  magnitude  pf  the  Ipad. 

The  behavior  of  the  mpnptTpn  is  determined  by  either  Eqs,  1  and  2.  or  Eqs.  3  and  4, 


I 

}p  P  o 
I 


I' 

jo  P  o 


I 


Z-0 


I 

cl 

d 

o  o|  N 


,1: 

1 


I 

I 

I: 


Z  =  L 


Fig,  XIV -^2,  Lattice  points  that  are  pertinent  to  a  numerical 
solution  by  finite  differences  of  Eqs.  3  and  4, 
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with  J  set  equal  to  zefOj  by  Eqi  11,  and  by  the  initial  Gonditiions  YiZ.  Qi)  =  R(Z,  0)  =  L 
The  f  egirne  of  operation  is  determined  by  the  requireinent  that  the  flow  be  superGritiGal 
everywhere  or,  in  other  wordSi  that  the  slow  wave  be  a  forward  waves  The  wave  eqya- 
tioii  i(4;)  indicates  that  the  Velocity  of  the  slow  wave  is  V  ^  cN/R;  we  thus  require  that 
be  greater  than  zero  everywhere. 

To  obtain  nurnerichl  solutions,  we  have  replaced  the  partial  derivatives  in  Eqs.  3 
and  4  by  difference  quotients  appropriate  to  a  rectangular  net  of  points  spanning  the 
region  of  interest  {;0<Z<LjO<T<bbi)i  in  the  Z-T  plane  (Fig.  inV-Z).  The  resulting  difference 
equations  and  Eq.  1 1  allow  the  computations  to  begin  at  T  =  0  with  the  given  initial  con¬ 
ditions  and  progress  into  the  region  in  the  direction  Of  increasing  T. 

With  reference  to  Fig.  XIV- 2,  the  difierence  equatiGnS  relate  the  Values  Of  V  and 
R  at  point  P,  for  example,  to  the  values  of  V  and  R  at  points  Q  and  S.  Since  V  and 
R  are  each  equal  to  unity  along  the  entire  bottom  row  (T=  0),  the  difference  equations 
allow  the  Values  of  V  and  R  to  be  'obtained  for  every  lattice  point  of  the  second  row, 
with  the  exception  of  the  leftmost  point,  point  M.  The  value  at  this  point  can  be  obtained, 
however,  froin  the  values  at  point  n  by  means  of  the  boundary  eondition,  Eq.  i  l.  With 
the  second  four  eompietely  determinedi  the  values  for  the  third  row  can  be  f0\ihd,  and 
so  forth. 

The  lattice  spacing  in  the  Z^direGtiOn  is  fixed;  the  lattice  spacing  in  the  T?- direction 
is  adjusted  at  each  stage  as  the  computations,  proceed  in  order  to  ensure  that  the  lattice 
point  at  which  the  values  of  V  and  R  are  to  be  found  lies  Within  the  region  of  determir 
nacy  of  the  lattice  points  used  ip  the  calculation.  Again,  with  reference  to  Fig.  XlV'^?,, 
AT  must  be  Chosen  small  enough  So  that  the  lattice  point  W,  for  example.  Whose  veiues 
Of  V  and  R  are  to  be  found  from  those  at  lattice  points  X  and  Y,  lies  in  the  shaded 
region  defined  by  the  fast'^wave  eharaCteristic  emanating  from  point  X  and  the  slow- 
wave  characteriStiG  C-y-  emanating  from  point  Y.  This  has  been  shown  tp  be  the  eondition 


Fig.  XIV-3.  Typical  terminal  voltage  waVeforin. 
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for  wMch  the  solution  of  the  difference  equations  converges  to  the  Solution  of  the  differ- 

.  .  -  .  4  S 

ential  equations  in  the  limit  of  zero  mesh  spacing.  ’  It  is  apparent  that  for  this  scheme 
to  work,  the  flow  must  tee  Supercritical  SO  that  the  Slope  of  the  Cy  characteristic  is 
positive. 

In  Order  to  provide  the  most  favorable  conditions  for  energy  eonversion.  the  coil 
span  L  was  ChoSen  So  that  the  terminal  impedance  Of  the  monOtrOn,  aS  determined  by 
small-signal  analysiSi  ^  was  negative  real. 

A  typical  terminal  voltage  waveform  is  shown  m  Fig.  XIV- 3.  For  this  case  the 
entry  velocity  was  taken  to  be  twice  the  magnetoacoustic  speed  (e=o.  5),  S  =  0.  6i, 

P  =  0.  5  and  ujL/y^  =  3ir/8.  If  an  efficiency  of  energy  conversion  is  defined  as  the  ratio 
of  the  average  eiectric  power  ejctracted  from  the  fluid  to  the  mechanical  power  incident 
on  the  monotron  at  z  =  6,  the  efficieney  for  the  case  illustrated  is  found  to  be  o.  i  per 
cent,  a  very  lew  value  indeed.  Note*  too.  the  almost  sinusoidal  shape  of  the  steady- 
state  waveform.  Indeed,  for  all  allowed  values  of  $  and  P^  that  iSi  all  values  that  lead 
to  solutions  Satisfying  assumption  (fe).  the  steady -State  output  waveforms  are  sihusoidal 
in  appearance  and  yield  very  low  values  of  efficiency.  We  conclude  that  the  regime 
studied  is  still  essentialiy  a  linear  one.  In  further  work  we  shall  attempt  to  remove 
the  restriGtioa  that  the  flow  be  supercritical  everywhere .  This  will  undoubtedly  lead 
to  more  distorted  waveforms  aecompanied,  we  trust,  by  higher  efficienGies:. 

IThe  numerical  GalCUiationS  for  the  work  described  here  were  performed  on  the 
IBM  70^0  computer  Of  the  GomputatiOn  Genteri  M.  I,  T, 

A.i  j.  Schneider 
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B.  AN  alternative  PROOF  OF  STABILITY  FOR  THE  MAONETOKYDRO- 
DYNAMIG  waveguide 

It  was  shown  in  an  earlier  report^  that  the  magnetohydrodynamic  (MIBQ)  waveguide 
Is  stable  for  all  geometric,  configurations  and  for  all  values  of  the  parameters  describing 
the  hOID  beam.  The  proof  given  there  involved  an  investigation  of  the  two  types  of  modes 
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that  can  exist  in  sneh  a  waveguiSe.  It  was  shown  that  the  dispersion  relation  for  one 
set  of  modes  and  the  boundary  conditions  for  the  OtheF  set  admit  of  ofidy  stable  Solutions . 
It  can  be  shown  that  these  results  ioilow  more  Simply  from  an  investigation  of  the  form 
Of  the  power  theorem  that  all  solutions  must  satisfyi  In  this  report  we  present  the  sim^ 
pier  Stability  proof  to  confirm  the  earlier  one  and  to  shew  again>  the  importance  of  small-!- 
signal  power  theorems. 

In  the  equations  and  'boundary  eonditiOns  relevant  to  the  MlID  waveguidei  the  fre- 

queney  w  and  the  dc  beam  velocity  v^  appear  only  in  the  combination  =  w  -  iPv^.  Which 

is  the  frequenGy  in  a  coordinate  system  inoving  with  beam  velocity.  We  Can,  thereforei 

always  transform  the  equations  into  a  coordinate  system  in  which  the  beam  is  stationary 

without  changing  their  formi  A  system  is  stable  if  the  energy  term  in  its  Small-signal 

2 

power  theorem  (provided  that  it  satisfies  a  power  theorem)  is  positive  definite  since, 
in  that  ease,  ail  teal  values  of  p  require  real  values  of  «  ,  The  energy  term  in  the 

3  ” 

MHD  power  theorem  is 


w  =  W_  +  Wj,  = 
m  K 


B  ‘  B  +  i 


^+i^*v)p 


pp 


p  V-  - 
4.  V  P  ^ 

.  -  +  Tg"  ® 

o  © 


v. 


whieh  is  positive  definite  when  v^  i#  set  equal  to  zero.  (Note  that  in  (^uart'erly  Progress 
Report  No,  66  (page  IZS),  Eq.  9  and  the  equations  for  and  Wj^  are  in  error,  The  term 
(v^/B^)’B’'v  should  be  p^(y^/B^)  S  •  Vi )  Thus,  (^d,  therefore,  w)  is  real  for  all 

-  ...  .....  A  ... 

real  #,  and  according  to  SturFOck  this  is  a  sufficient  condition  for  Stabilityi 

j.  R.  Cogdeil 
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c,  scattering  qf  light  from  electrons  II 

Using  the  apparatus  indicated  in  Fig,  XIV-4,  we  have  observed  scattering  of  optical 
radiation  from  an  electron  beam.  Light  from  a  ruby  laser  was  focused  to  intersect  an 
electron  beam  at  right  angles  and  the  scattered  radiation  was  observed  at  an  angle  0  65“ 


QPR  No.  68 


74 


(XIV.  PLASMA  ELECTRONIdS) 


Fig*  ^V^-4,  Simpiiliei  diagf&M  of  the  appafatiis* 

.  .  6 

with  respeot  to  this  heami  The  laser  produeed  hursts  of  light  at  6934  A  of  apprOxi- 

9  —3 

iaately  2’0  joules  afid  gOOs^see  duration.  An  electron  density  estifnated  at  ~5  X  10  era  ■ 
was  produced  fey  inagnetie^ly  focusing  a  2-ky  Tl^ina  electron  beam.  The  polarization 
Of  the  incident  light  was  adjusted  to  fee  parallel  to  tho  rnagnetic  field. 

The  scattered  radiation  from  a  volume  '^2  mna  in  dicuneteP  was  eollected  by  thO 
receiving  lens,  ZO^mm  in  diimeter,  at  a  distanee  gf  80  mm,  After  passage  through 
an  iris  (to  limit  the  field  of  view)  and  a  system  of  filters,  this  radiation  was  detected 
by  a  photomultiplier  with  an  S20  response,  cooled  to  liquid-^nitrogen  temperature.  The 
interference  filters  enabled  us  to  reject  the  laser  light  scattered  from  the  walls  of  the 

Q 

vacuum  system,  and  to  accept  only  the  scattered  radiation  that  was  Doppler-^shifted  2S9  A. 

o 

The  bandwidth  was  limited  to  approximately  10  Ain  order  to  reduce  the  background  illu- 
minatipn  from  the  electron  gun,  Oscilloscope  traces  of  2-msee  duration  of  the  photo¬ 
multiplier  output  were  obtained  for  the  three  eases: 

(a)  signal  plus  noise,  i,  e, ,  the  laser  beam  impinging  on  the  electron  beam; 

(b)  electronr*beam  noise,  i.  e, ,  light  from  the  filament  plus  possible  exeitatipn  of 
residual  gas  by  the  beam* 

(c)  laser  noise,  i,  e* ,  the  laser  light  scattered  into  the  receiver  in  the  absence  of 
the  electron  beam. 

As  the  photGm?iltiplier  dark  current  can  be  ignored,  the  sum  of  the  photoeleetron  counts 
in  (b)  and  (c)  gives  the  total  noise.  Hence  the  difference  between  (a)  and  [(b)  plus  (c)]  is 
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a  irieasure  of  the  signal  that  is  dtie  to  ThomsOh  seatterihg.  Many  slich  groups  Of  OSeil- 
iograms  were  taken.  The  average  value  of  this  differenee  and  its  standard  deviation 
are  tabuiated  here  for  three  series  of  trials. 


Number  of  Trials^ 

Ayerage  Thomson  Photoelectrons 

Standard  peviation 

15 

3,4 

1. 14 

21 

1.85 

G.90 

22 

5,« 

lv85 

The  variation  in  the  average  count  fOr  the  three  series  is  thought  to  be  caused  by  changes 
in  alignmentj  Also,  in  the  last  series  there  was  a  20  per  cent  increase  m  the  laser  out¬ 
put,  and  the  focusing  of  the  electron  beani  was  improved. 


K 

£ 

(- 

3 


Fig.  XIV-?5,  Number  of  photoelectrons  in  successive  0.  2  msec  intervals  (summed 
over  36  successive  trials)  resulting  from  (a)  Thomson  scattering  plus 
noise  and  (c)  laser  light  scattered  into  the  receiver  in  the  absence  of 
the  electron  beam,  (b)  Average  electron  beam  noise  and  (d)  osctllo^ 
gram  of  the  laser  output. 
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Figure  XlV-'5  sliowS  for  the  first  two  series  of  trials:  (a)  the  total  number  of  photo- 
eleotrons  observed  in  sUGcessive  0^  2 -msec  intervals;  (b)  the  average  noise  level  that 
is  due  to  the  electron  beam  and  its  standard  deviation;  (c)  the  contribution  from  the 
"laser  noise  and  (d)  an  OsGilloscOpe  trace  Of  the  laser  output. 

The  signal -to-noise  ratio  that  we  obtamed  could  undoubtedly  be  improved  by  pro¬ 
viding  better  trapping  for  the  light  from  the  electron -gain  cathode  and/or  by  using  a  dark 
emitter  instead  of  the  tantalum  cathode  that  we  used  in  our  experiment.  Also,  higher 
beam  current  and  better  focusing  should  not  be  too  difficult  to  obtain.  Larger  laser  out¬ 
put  would,  of  course,  be  beneficial  because  even  in  this  initial  experiment  the  isolation 
between  the  two  optical  paths,  input  and  detector,  was  sufficiently  good  that  the  laser 
noise  was  almost  negligible.  By  using  this  technique,  it  should  be  possible  to  study  the 
profiles  of  high-density  electron  beams  Used,  for  example,  m  kiystrons  and  travelmg- 
wave  tubes,  and  as  these  beams  are  usually  of  fairly  high  voltage,  the  large  transverse 
poppier  shift  will  enable  observations  to  be  made  at  right  angles  to  the  electron  beams. 

0.  Fiocco,  E.  Thompson 

p,  USE  OF  fissile  nuclides  IN  FUSION  REACfOR  BLANi^tS 

The  investigation  of  the  probleni  pf  the  fusion  reactor  bianket  with  fissile  nuclides 
discussed  in  Quarterly  Progress  Report  No.  67  (page  91)  has  been  conthiued.  Most  of 
the  neutron  multiplication  and  tritium  breeding  CaicUlationS  have  been  finished,  and  the 
study  g£  heating  in  the  blanket  is  in  progress.  The  calculations  Were  made  for  slab 
blanket  configurations  with  a  diffuse  plane  neutron  source. 

1 4  Blanket  Assembly  with  Th^^^  First  Wall 

m  checking  the  GalGulations  for  the  case  of  the  metallic  thorium  first  wall,  an  error 

was  discovered  in  the  thorium  (n.  3n)  reaction  cross  sections,  and  thus  the  results 

reported  in  Quarterly  Progress  Report  No,  67  (page  9?;  see  Table  Vin-2)  are  incorrect. 

The  results  of  the  calculations  based  on  the  corrected  cross -section  data  appear  in 

Table  XTV-l;  the  increase  in  tritium  regeneration  is  approximately  8  per  cent. 

232 

Calculations  for  a  blanket  assembly  with  a  Th  first  wall  (Table  XrV-2)  indicate 
that  increasing  the  concentration  of  the  lithium  6  isotope  in  the  fused-salt  coolant  effec¬ 
tively  reduces  the  neutron  absorption  in  the  first  wall,  A  change  in  Li^  concentration 

from  its  natural  abundance  (7, 4  per  cent)  to  50  per  cent  mcreases  the  tritium  production 

232 

from  1, 135  to  1.263  tritons  per  incident  neutron  for  a  2.  O-cm  thick  Th  first-wall 
configuration.  This  rise  in  the  regeneration  ratio  shOiald  be  sufficient  to  ensure  a  self- 
sustaining  tritium  cycle  for  the  fusion  reactor. 

To  reduce  the  heat  removal  problems  that  arise  because  Of  the  large  amount  of  fis¬ 
sion  energy  produced  in  the  thprium,  it  is  desirable  tp  make  the  first  wall  as  thin  as 
stFUctural  and  neutronic  considerations  will  permit.  Results  were  obtained  for  a  l,Q-cm 
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Tateie  XIV- i.  Results  of  thorium  first -wall  calculations. 


Tj^232  lirst-waR 
thiCimeSs 

2.  06  cm 

1*  00  cm 

1  *  SO  cm 

2 . 66  cm 

Li^  concentration 
in  both  fused-Salt  i 
regions 

natural 

50% 

'50% 

56% 

Fission  rate  i 

6*033 

0*618 

0.026 

6*033 

First-wail  ! 

multiplication 

0*  372 

6. 266 

6*  2  94 

0*  373 

Fir  St -wall 
absorption 

0.  261 

6*055 

6.693 

6. 134 

Total  neutron 
leakage 

0.056 

0*031 

6  *  629 

6,  028 

Tritium  1 

regeneration 

ratio  ■ 

1.  135 

1.  183 

1.229 

1.  263 

All  results  are  per  unit  primary  source  neutron^ 


Table  XlV-?*  The  three  basic  blanket  configuratibhs  considered  in  this  reports 


f  h'  ■  ■  First  Wall 


Vacuum 

First  wall 

First=!‘wali  coolant 

Primary  attenuator  ; 

Thermal  shield 

Th^^^ 

66LiF-34ieF2 

2 IC  ^79(  66LiF  -34i)SeF2) 

6. 25  cm 

56.  0  cm 

Data  pertaining  to  individual  calculations  are  given  in  Table  XIV !•  1 , 


Fused'^Salt  First-Wall  Coolant 


Vacuum 

First  wall 

First-wall  coolant 

Primary  attenuator 

Thermal  shield 

Mo 

LiF-BeF,-UF. 

21C-79{66LiF-34BeF2) 

1 . 0  cm 

6. 25  cm 

49*  6  cm 

Data  pertaining  to  individual  calculations  are  given  in  Tables  XIV-3  and  XIV -4, 


U  Fused -^Salt  Priniary  Attenuator  Coolant 


Vacuum 

First  wall 

First -wall  coolcuit 

Primary  attenuator 

Thermal  shield 

Mo 

66LiF-34BeF2 

2 1  C-79(73LiF-27UF4) 

1.0  cm 

i,,5  cm 

49. 0  cm 

Data  pertaining  to  individual  calculations  are  given  in  Table  XIV- 5. 
All  compositions  are  given  in  mole  fraction  percentages. 
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and  a  LSvcm  thick  first  wall  with  a  Li^  eoncentration  of  50  per  cent;  the  minimum 
thickness  is  approximately  L  0  cm.  The  thiekneSs  df  the  first  wall  may  be  reduced 
further  if  the  loss  in  the  thorium  neutron  muitiplicatfon  is  compensated  for  by  the  addi¬ 
tion  of  metallic  beryllium  to  the  attenuator  region.  (This  pOSSibilily  is  discussed  below 
in  eOnnection  With  the  Uranium  fUsed-Salt  SystemSi.,)  BUt,  if  the  multiplication  in  thorium 
is  SO  low  that  beryilium  is  needed  to  Supplement  it,  then  the  use  of  thorium  in  the  blanket 
Seems  purposeless  ^ 

2  .  Blanket  Assembly  with  UF^  Fused  salts 

The  plasma  blanket  System  containing  a  Itthium-bery1i4um.,ur'anium  fluoride  fused 
salt  in  the  firSt-wall  coolant  region  has  been  studied  for  three  salt  GOmpOsttions.  The 
effects  of  increasing  the  isotopic  eonCentratiOn  Of  Li^  in  the  fluoride  salti  and  Of  adding 
metallic  beryllium  to  the  primary  attenuator  have  been  investigated..  A  system  that 
contains  the  uranium-bearing  fused  salt  m  the  attenuator  (third)  region  also  has  been 
explored. 

The  three  salts  considered  are  73LiFi-27BF^,  6OiLiF^30BeF2®i6iyF^,.  and  7lLiF- 
16BeF2e‘^^'l^'^4:*  'I'he  first  two  salts  have  been  described  previously^i  the  third  mixture 
is  the  eutectie  Composition  for  a  melting  pomt  of  approximately  450'*G. 

GalGulations  indicate  that  for  a  first-wall  COolant  that  is  approximately  6.  25  cm  thick 
and  contains  urahium  (Table  Xiv-?).,  a  iki^  concentration  of  15-20  per  cent  is  needed  in 
both  the  first-wall  COolant  and  the  primary  attenuator  to  give  a  tritium  regeneration  ratio 
Of  i.  i5i  iJeutrOn  capture  is  reduced  in  both  the  molybdenum  first  wall  and  the  urahium 
in  the  coolant  by  the  competing  Li^(n,  t:)  reaction:  also,  a  large  percehtage  ©f  the  leakage 
neutrons  ape  utilized  for  tritium  production  by  this  reaetiOhi  The  maximum  tritium 
regeneration  obtamed  was  1.  271  for  the  73LiFf?27UF^  system,  with  a  Li^  eonGentration 
of  50  per  cent  in  both  fused-salt  regionSi  The  results  Of  these  calculations  are  sum¬ 
marized  in  Table  XIV-3. 

In  the  uraniumi^eontaining  fused-salt  hlaiiket,  the  production  of  Pu  for  fission 
reactor  fuel  may  be  worth  eonsidering,^  A  favorable  economic  balance  between  tritium 
regeneration  and  plutonium  pFoduction  may  be  achieved  by  proper  choice  of  the  Li^ 
eoneentration. 

The  tritium  production  in  the  blankets  discussed  above  may  be  mereased  by  includ.mg 
a  region  of  metalliG  beryllium  between  the  first-wall  coolant  and  the  primary  attenuator. 
Galeulations  were  made  for  the  equivalent  of  a  5,  0-em,  thick  slab  of  beryllium  homog¬ 
enized  throughout  the  attenuator  region;  the  results  show  a  gain  in  the  tritium  breeding 

ratio  of  approximately  5  per  cent.  This  homogeneous  treatment  was  made  neeessaiy 

2  3 

by  the  use  of  the  three-region  code,  ’  and  the  results  are  conservative,  The  results 
are  given  in  Table  XIV-4. 

The  third  blanket  assembly  shown  in  Table  XIV- 2  was  mvestigated.  Placing  the 
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Table  XIV -4.  The  effect  Gif  adddHg  metallic  beryllium  to  the  attenuator  region 


On  the  tritium  rege 

neralion.^ 

First-wall  coolant 
fused -  salt  e  omposition 
(LiF-BeF^-XJF^) 

60-30-10 

73-00-27 

First-wali  coolant 
thickness  ; 

6. 25  cm 

6.25  Cm 

Li^  concentration  in  ■ 

both  fused-salt  regions 

natural 

50% 

Fission  rate 

0:.  0  27 

0.063 

238 

tl  multiplication 

0.  120 

0.278: 

absorption 

0,  105 

0.088 

Total  neutron  leakage 

0.086 

0 . 048 

Tritium  regeneration 
ratio 

1.  141 

1.332 

The  equivalent  of  5  cm  of  beryllium  metal  is  homog 
throughout  the  primary  attenuator. 

enized 

All  results  are  per  unit  pr 
All  compositions  are  fiver 

imaiy  source  neutren. 

.  in  mole  fraction  percen 

;ag6s. 

^Gompare  with  results  in  Table  3QV-3, 

Table  XiV<-5.  The  results  for  the  calculatipns  wife  73Li#s'27UF^ 


in  the  attenuator  region^ 


Li  concentration 
in  both  fused-salt 
regions 

natural 

50% 

50% 

Beryllium  enrich¬ 
ment  in  third  region 

0 

0 

"^5.  0  cm 

Fission  rate 

1  0,110 

0. 109 

0.  100 

multiplication 

0.449 

0.444 

0, 403 

absorption 

0.655 

0,  222 

0.221 

Total  neutron 
leakage 

0.  120 

0.  062 

0 , 063 

Tritium 

regeneration 

ratio 

0.751 

1.248 

1.  303 

^1  results  are  per  unit  primary  source  neutron. 
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73LiF-27UF^  fused  salf  in  the  third  region  gave  a  ipiiiurn  production  of  only 
0.  7'5  l  with  natural  lithiurn  in  the  salt;  a  Li*^  GonGentration  of  50  per  cent  iacreased 
this  value  to  1,248,  and  the  further  addition  of  the  equivalent  of  5.  0  cm  of 
beryllium  to  the  attenuator  region  raised  the  tritium  regeneration  ratio  to  1. 303. 
This  Gonfiguration  has  the  advantage  of  distributing  the  fission  energy  ever  a 
large  volumej  thus  reduGing  the  peak  fused-sait  temperature  and  the  resultant 
heat-removai  problems'.  The  fission  and  neutron  capture  rates  are  also  inereased 
over  the  correSiponding  rates  in  the  systems  disGussed  above.  Thus^  the  total 
power  output  of  the  fusion  reactor  is  raised,  and  a  greater  amount  of  Pu  is 
produced.  Table  XlV-5  eontains  the  results  Of  the  GalcUlationS  for  this  blanket 
system. 

3*  HisGUSsiOn 

It  is  possible  to  obtain  sufficient  neutron  multiplication  with  both  a  metallic 
232  '238 

Th  first  wall  and  a  lused-salt  coolant  blanket  assembly  to  support  a 

selfsSUStainmg  tritium  cycie.  Of  the  systems  conSidereds  the  thorium  first-Wail 
Gonfiguration  seems  to  be  the  least  attractive  beGause  (a.)  the  fission  ener^  is 
liberated  in  a  Struetural  member  that  is  already  at  a  high  temperature  by  virtue 
of  its  iogatieni  and  thus  the  cooling  problem  is  increased;  (b)  the  build-up  of 
fission  products  will  doereaSe  its  effeetiVenesS  m  neutrOn  multiplicatioa;  and 
(c)  radiation  and  fiSSioh  daMage  may  reduce  its  value  as  a  structural  support 
for  the  blanket  assembly. 

The  uranium  fuSed-salt  Systems  seem  praGtical  and  feasible  because  (a)  the  fission 
heat  is  deposited  in  the  coolant  itself:  (b)  fission  products  Can  be  extracted  eOntinuously 
from  the  cireulating  fused  salt;  (c)  the  Coneentraimn  of  the  uranium  fluoride  can  be 

varied  to  control  the  power  output;  and  (d)  an  economic  balance  between  tritium,  regen- 

239  6 

eration  and  PU  production  might  bc  achieved  by  varying  the  Li  coneentratiOn  in  the 

fused  salt. 

L.  N.  Lontai,  D,  J.  Rose,  L  Kaplan 
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E.  DESifGN  AND  CONSTRUCTION  OF  A  LARGE  PCASlVlA  FACILITY 

A  facility  whose  design  and  eohstf'uctiSii  Was  started  by  S.  0.  Dean  (a  fbrMer  Student) 

has  now  been  completed.  The  machine  provides  a  highi.vacUum  volume  of  23  liters  and 

—2-  “3 

has  a  pumping  eapaeity  of  500  p-l/s  in  the  pressure  range  lO  ^  10  Torr  s  Solenoid 
coils  Can  produce  a  mirror  region  in  the  vacuum  tank  which  measures  1.25  meters  and 
■0.20  meter  I  i  D .  with  mirror  ratio  R  «  s  and  mirror  field  ~3 .2  kgauss  at  200  amps .  The 
mirror  ratio  can  be  varied  by  moving  the  two  solenoids  on  rails .  In  the  present  use, 
the  machine  is  arranged  for  a  hollow -Gathode  discharge  experiment  running  lon¬ 
gitudinally  in  the  mirror.  (See  Fig;  XlV-6.)  A  speeial  probe  was  designed  for 
related  measurements. 

The  high -vacuum  tank  consists  of  a  central  box  (50  X  50  X  25  cm)  and  two  cylindrical, 


Fig.  XIV -6.  Plasma  facility  from  anode  end.  (1)  Magnet  cooling  doop 
sliding  seal.  (2)  Copling -loop  expansion  tank.  (3)  High^ 
vacuum  tank  extension.  (4)  Position  of  sliding  seal  for 
probe.  (5)  Anode  electrode,  inserted  in  tank  through 
sliding  seal.  (6)  and  (7)  Probe  holder  inside  its  epaxial 
rail;  the  four  visible  insulated  supports  fasten  the  rail  to 
the  vacuum  tank's  inside  wall,  (8)  Magnet.  (9)  Baffle 
on  top  of  one  of  three  diffusion  pumps. 
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20 -cm  I. Oi  arms,  extending  longitiidlnally  through  the  mirror  coils ^  'Three  extensions , 
IS-cm  L  D.  j  connect  the  tank  to  the  diffusion  pumps  that  are  topped  hy  water-cOoled 
baffles  and  gate  valves.  Gooling  of  the  side  arms  is  aohieVed  by  water  cirGulation 
)(Fig.  XIV-7h 


Fig.,  3^-7.  Assembly.  AA',  anode  (cathode  not  shown);  M^M2»  magnet 
coilss  O,  observation  ports;  P^P^Pj,  diffu^s ion  pumps  and 
baffles;  P_P'  ,  probe -holder  axis;  TT',  mirror  axis;  RR'» 
magnet  rails. 

Each  of  the  two  solenoids  consists  ©f  four  aluminum  double  pancakes,  73 -cm  outside 
radius,  and  5  cm  thick!  The  pancakes  are  spaced  1. 25  cm  apart  and  are  connected  exter¬ 
nally  in  series  and  are  contained  and  supported  along  one  diameter  by  a  cast  aluminum 
box  (85  X  85  X  25  cm). 

The  coolant  is  circulated  from  the  top  to  the  bottom  of  the  assembly  and  in  direct 
contact  with  the  coils.  Pure  distilled  water  or  ethylene  glycol  is  used.  The  eireulation 
is  in  a  closed  loop,  and  a  heat  exchanger  is  installed  in  series  with  it;  city  water  is 
used  for  heat  removal.  To  enable  movement  of  the  magnets,  sliding  O-ring  seals  are 
installed  in  the  CQolmg  loop- 

The  electrodes  for  the  hollow^cathode  discharge  are  of  standard  design,/  but  more 
care  than  usual  was  taken  in  cooling  the  tips.  These  are  almost  entirely  hollow  and 
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contain  two  rows  of  fins  to  improve  the  heat  reinovali  Water  is  Gircuiated  in  through 
a  peripherai  sloeve,  and  out  axiallyi  The  electrodes  can  slide  axially  through  O-ring 
seals  in  the  end  flanges  of  the  side  arms.  The  power  supply  Consists  Of  twO  AlRCO 
welding  rectifiers  in  series!,  giving  200  amps  at  80  VOltS  under  load.  A  Spark-gap 
oscillator  is  included  in  the  circuit  as  Starter;  a  filter  reduces  the  ripple  to  less  than 
1  per  cents 

To  probe  the  hOllow-cathode  discharge,  Whose  maximuni  length  can  be  1,  6  meters, 
Langmuir  probes  are  .useds  Two  of  these,  rigidly  conneGted,  are  installed;  they  can 
be  naOVed  parallel  to  the  mirror  axis  and  rotated  in  a  normal  plane.  The  probe  tip 
describes  a  ciroular  path,  45®  wide,  through  the  mirror  axis.  The  probes  are  placed 
75  cm  apart  on  a  Supporting  arm  1,  9  meters  long.  Each  probe  tip  can  span  80  cm  of 
the  arc;  overlap  of  the  two  probe  positions  allows  for  reciproeal  calibration.  The  move¬ 
ment  is  imposed  from  the  outside  through  a  sliding  O-ring  seal  in  the  end  flange.  The 
stainless -Steel  holder  arm  contains  and  seals  the  probe  leads;  it  is  iongitudinally  sup¬ 
ported  in  the  tank  by  a  coaxial  cylindrical  rail,  2*-  0  meters  long.  The  rail  also  serves 
as  screen  against  the  sputtering  from  the  armi 

F.  Alvare?!  de  Toledo 
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F.  ENERGY  EXTRACTIQN  BLANKET  FOR  A  FUSION  REACTOR 

Work  On  nonfissile  systems  has  been  completed  and  final  reports  are  being  prepared 
12 

as  thesas  ’  for  submission  to  the  Department  Of  Nuclear  Engineering,  M.  I.  T. 

Heating  calculations  have  revealed  that  each  14,  2  Mev  D-T  neutron  will  produce 

approximately  17. 5  Mev  of  recoverable  heat  in  the  blanket.  The  maximum  energy 

flux  of  14, 2  Mev  neutrons  that  can  be  tolerated  on  a  2  -cm  molybdenum  first  wall 
2 

is  4-5  Mw/m  ,  Thermal  stress  and  heat  transfer  to  a  fused  Li2BeF^  eooltmt  are  both 
limiting  at  this  power.  The  total  blcuaket  thickness  necessary  to  shield  superconducting 
coils  is  1 10- 120  cm. 

W-  G,  Homeyer,  A,  J.  Impink,  Jr„  D.  J,  Rose,  I,  Kaplan 
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G.  SEPERGONPECTING  SOEENOID 
Ij  Test  of  a  Large  Supepcohducting  Goil 

V^ile  the  cOnstruetion  of  the  vessel  and  accessories  Of  the  large  superconducting 
iSiagnet^  is  progressing  Satisfactorily,,  we  have  proceeded  to  test  a  set  of  three  coils  in 
order  to  evaluate  and  Ghoose  the  best  design  to  be  used  for  the  remaining  Coils  of  the 
larger  .magnet.  We  have  also  developed  an  lEM  7090  computer  program  for  the  calcu- 
lation  of  the  magnetic  field  in  any  coil  or  set  of  coils. 

2 

The  three  coils  have  been  tested  in  a  vertical  14.  QD-hi.  liquid-heliurn  dewar. 
Figures  XlV-8j  XiV-9,  and  XlV-lO  show  clOSe-Up  Views  of  the  coil  Xl  alone,  the  set 
Of  three  coils,  and  the  coil  assembly  With  the  dewar. 

The  spsecifications  of  the  coils  are  given  in  Table  XIV- 6.  Their  differences  are 
essentially  in  the  winding,  which  for  the  coil  Xi  was  made  by  using  insulated  Nb-Zr 
wire;  Some  copper  wire  was  wound  inside  and  outside  for  the  purpose  of  protection.  For 
coil  X2  j  the  Same  insulated  Superconducting  wire  was  used  i  but  it  was  wound  With  bifilar 
eOpper  magnet  wife.  Finallyj  COil  X3  was  made  by  Using,  insulated  cppper-plated  Nb-Zf » 
0.  0012  in.  thick.  NO  secondary  Copper  winding  was  used.  Figure  XlV-ll  Shows  the 
detail  Of  the  Winding  of  Coil  Xl. 

Coil  Xl,  Which  was  ready  firStj  underwent  the  most  intensive  testing,  both  alone 
and  with  the  two  other  coils. 

Intensive  investigation  of  the  quenching  charaetefistics  has  been  carried  out  in  order 
to  find  the  eventual  training  effect,  deterioration  of  the  critical  current  of  the  Coil  and 
energy  bal^CC  in  the  various  circuits,  as  Well  as  the  quenching  current. 

The  listings  in  Table  XIV 6  also  indicate  that  the  training  effect  was  nonexistent  for 
the  three  coils  and,  moreover,  that  the  quenChmg  current  is  not  associated  with  the  rate 
at  which  the  current  is  increased  (from  20  seconds  to  5  mmutes  for  a  full  increase).  For 
coils  Xi  and  X3  ho  deterioration  of  their  properties  was  observed,  although  the  energy 
involved  becanae  quite  large  (5  kilojoules  with  the  three  eoils  running).  The  recovery 
time  after  quenching  is  approximately  30  seconds.  The  deterioration  of  coil  X2  has 
been  found  tO  he  due  to  a  kink  in  the  wire  whioh  progresses  up  to  a  conaplete  break. 

The  transient  phenomena  that  occur  at  quenching  have  been  recorded  with  an  oscilf? 
loscope  for  coil  XJ  only.  We  have  not  been  able  to  record  the  transient  in  coil  X3,  prob¬ 
ably  because  of  too  small  a  rate  of  quenching.  Figures  XIV^IZ  and  XIV-13  illustrate 
the  basic  process  of  quenching.  For  a  single  winding,  the  current  decay  is  approximately 
0. 030  second.  When  two  windings  are  separately  driven,  there  is  quite  a  big  delay 
(0,  260  sec)  between  the  quenching  of  the  two  coils, 

By  integration  of  the  transient  curve  of  the  copper  coil,  one  can  calculate  the  energy 
that  has  been  dissipated  in  its  external  resistance  (3  ohms).  It  appears  that  in  our  case 
only  2  per  cent  of  the  ni^netic  energy  has  been  dissipated  into  the  external  resistance. 
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Maximum  field  recorded  with  the  three  coil's  running  together...  5.,,6Q®'  kgauss  on  the  axiSi.  that  is;,  11,0.00  gauss  on  the 
edge  of  the  coil. 
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Fig^  XIV- 16.  Coil  XI  with  its  suppol^f  the  14 -in.  dewaf  . 


:1.75d'IN, 


COPPER  MAGNET 
WIRE  No;  24,300  TURNS 
EACH 


S.  INSIDE  SUPERCONDUCTING  WINDING  -  1841  TURNS  IN  13,13  LAYERS  SEPARAtED  WITH 
0.075  IN.  MYLAR  FOIL  SPACE  FACTOR  31 .7%-  5745  FT.,1  .:681  LBS.  OF  Nb-Zr  WIRE 

S  OUTSIDE  SUPERCONDUCTING  WINDING  -  2740  TURNS  IN  20.27  LAYERS  SEPARATED 

o . . .  "  . 

WITYO,075  MYLAR  FOIL  SPACE  FACTOR  30.9%.-  9363  FT„2.818  LBS  QF  Nb-Zr  WIRE 

ALL  the  winding  |S  ENCAPSULATEP  INTO  AIR-, DRY  VARNISH  (No,  =301  OF  PEDIGREE  COMPANY) 

Fi^.  XiV-11.  Schematic  cutaway  of  the  winding 
of  the  XI  coil. 
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Fig.  XlV-12.  Quenching  transient  for  inner  coil.  The  hell-shapM 
Gurve  is  the  voltage  (across  a  3 -ohm  resistor)  of  the 
current  in  the  cOpper  coil.  Scale,  5  volts/eni.  The 
other  curve  is  the  decay  pf  the  superconducting  cur¬ 
rent,  5  amp/cm.  Time  scale,  5  mSec/cm.  Quench¬ 
ing  time,  30  msec. 


Fig.  X1V--13.  Quenching  transient  fpr  the  two  windings  in  parallel,  The  eurve 
with  two  ^aks  is  for  the  eopper  coil  (5  volts/eni  across  3  ohms). 
Other  curve  is  for  the  current  m  the  inner  eOil  (5  amps/em). 
Time  scale,  50  rnsec/cm.  Quenching  occurs  in  2  steps;  first, 
the  outer  coil  quenches  and  curfCnt  rises  in  the  inner  coil;  sec¬ 
ond,  after  Q.260  see  the  inner  coil  quenches.  Each  quenching 
takes  approximately  30  msec. 


This  is  due  certainly  to  the  large  energy  dissipation  in  the  Copper  coil  form,  which  was 
detected  by  a  quick  rise  of  its  temperature. 

The  behavior  of  the  copper -plated  coil,  X3,  was  found  to  be  much  more  satisfactory 
them  that  of  the  two  other  coils  in  all  respects.  Its  operation  seems  more  stable,  and 
it  is  possible  to  reach  and  maintain  the  current  within  a  few  per  cent  of  the  maximum 
value  of  the  current.  Moreover,  its  performances  are  approximately  30  per  cent  better 
than  those  of  the  other  coils.  Consequently,  £dl  of  the  remaining  coils  will  be  made  of 
copper -plated  wire  similar  to  that  used  for  coil  X3. 

The  coils  have  been  operated  in  the  permanent  current  states,  and  differential 
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Fig.  XIV-H>  Field  plot  of  ooi|  X3  in  p^Fnlahpnt  stdte.  CurFdnti  10  amps.  The  curve 
represents  calGulated  values;  rneasufed  values  are  plotted  as  6, 

measurenient  of  the  magnetic  field  leads  to  the  cpnelusion  that  there  is  no  decay  of  the 
field  (say,  less  than  10  per  hour  measured).  The  field  plot  measured  in  the  pernia,- 
nent  eurrent  state  is  shown  in  Fig.  XIV?4  with  the  calculated  value.  The  thermal 
switches  operate  veiy  satisfactorily.  Their  power  consumption  is  G.  150  watt  for 
warming  up  the  gate  wire  to  the  critical  tenaperature,  and  their  switching  takes  approx¬ 
imately  1  second. 

We  have  been  able  to  pump  the  field  from  the  X3  coil  to  the  xi  and  X2  coils  by  using 
the  proper  switching  sequence  in  and  out  of  the  permanent  mode.  The  highest  field  pro¬ 
duced  has  been  achieved  in  this  way. 

_7 

The  clamped  contacts  have  shown  a  contact  resistance  of  the  order  of  10  ohms, 
which  is  also  quite  satisfactory. 

2.  Magnetic  Field  Calculation 

3 

An  IBM  7090  computer  program  has  been  developed  for  the  Galculation  of  both  com¬ 
ponents  of  the  magnetic  field  at  any  location  of  a  solenoid,  including  the  winding  interior. 
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Fig.  XIV- 15.  'Coordinates  vised  in  ealGiaia- 
tion  pi  the  magnetie  vector 
potential  and  magnetie  field' 
for  a  ejrlindrical  gepmetryi 


The  prpgram  was  then  extended  to  g^gu- 
late  for  a  multiGoii  soleanidi  fPr  the 
reGiproGial  case  of  the  determinatiPn  of 
the  GVirrent  that  will  prodvice  a  given 
magnet  iG -field  shage»  and  for  the  field  of 
a  uniformly  distributed  dipole  in  a  sOle- 
npidal  winding.  All  three  cases  are  impor¬ 
tant  for  the  evaluation  of  the  perform'anGe 
of  superGondueting  solenoids. 

The  prinGiple  of  these  field  calGuia- 
tions  is  based  on  the  splitting  of  the 
winding  in  Several  eurrent  sheets.  We 
assume  a  uniform  distrlbutipn  on  the  eur¬ 
rent  throughout  the  winding.  It  Gan  be 
noted',  then,  that, the  program  can  be  easily  modified  tP  fit  any  Gurrent  disiributioH  by 
weighting  eaoh  Gurrent  sheet  aGeordinglyi 

4-7 

The  field  is  derived  from  the  expr essipn  of  the  veetor  potential  of  a  evirrent  loop 

where  R  is  the  distgnpf  between  the  fieji  point  and  the  spiiree  point  as  shown  in 
Fig=  3aV-i|: 

R  ’  |r-'2r  GpS  (2) 

The  distances  are  nprmaltzed  to  the  radius  pf  the  Gurrent  sheet,  and  the  vector 

potential  {and  gUbsepuently  the  fieldl  to  the  value  of  an  infinitely  long  Solenoid,  that  iS, 

/  iNI  .  ,  ,  .  4ir  "nI  .  . .  ...  \ 

yj.  ^  .in  mks  units  or  ^  m  cgs  units V. 

For  a  eurrent  sheet  extending  from  z  =  to  z  =  S^.,  the  magnetic  potential  is 

'S„ 


cos  9 
R 


d9ds., 


m 


If  tho  order  of  integration  is  inverted,  the  integration  with  respect  to  S  carried  ovit,, 
the  angular  integration  modified  by  using  the  identity 
nit  nit/2, 

\  F(co3  6)  d9  =  \  F(gos  0)  dO  +  F(^eos  6)  d0,  (4) 

V'O  Vq 

and  the  origin  s  J  extended  to  infinity,  one  obtains  the  vector  potential  of  a  semi-infinite 
current  sheet: 


,  piT/2 

A{r,  z)  =  j  d9  cos  0  In 


+  z^  +  r^  +  1  t 


2r  cos  9 


+  <J  z^  +  +  1  ^ 


(5) 


2r  cos  9 
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The  radial  arid  axial  rnagiietle  fields  are  derived  from  the  vector  potentiai  and  are 
given  fey 

9A{rs  S) 


z?  =  - 


9z 


HzStr,  zf  =  'I'  ;a|-  trA|F, 
whiehi  applied  to  E%.  5,  give 


and 


■*f=i£ 


eOs  '9  d0 


^m/Z 

0  Q+Q_(Q++Q_) 

*/2 
0 


m 

m 


d0  cos  0 


:r  z  +  +  |z*Q^)tz#Qj|<3^+QJ 


2  cOs  0 


2  2^ 

X  I  +  Z| 


m 


Here, 


z^  +  r^  +  1  +  2r  Cos  9’ 


Q-_  =  J  ^  ^  ^  +1  ^  2r  cos  0. 


(ii) 


The  field  Of  a  fihite  current  sheet  is  obtained  by  superpositipn  pf  negative  aild  positive 
seini^  infinite  Sheets  ; 


Hgojtf .  z)  =  2) 


where  s  is  the  nornialized  length  of  the  solenoids 

Frpin  the  basic  current  sheet  calculationsi  the  field  is  obtained  fey  summation  of 
Gurrent  sheets, 

N 

(12) 
9 

n=l 


H(r,  z)  s  ^  H(rg(n),z)/N, 


where  r  (n)  is  the  relative  radial  distance  of  the  field  point  with  respect  to  the  partic  ■ 
s 

ular  current  sheet. 


rg(n)  = 


(13) 


Several  problems  arise  in  thg  evaluation  of  the  integrals.  For  z  negative  and 
0  =  0,  Q_  =  |z  |:»  so  thal  (P+Q_)  "  and  the  integrand  pf  H  becomes  mfinite.  This  ineon- 
venience  is  solved  fey  using  the  foUpwing  identity  proper  to  a  semi-infinite  current  sheet 
r  <  1.  0 


Hj^(r,-z)  =  -^H^(r,z)  +  1,0 

r  =  1,  0  H^(r,  -z)  =  +  Q.  5 

r  >  1. 0  H^ir,  "Z)  =  -H^(ri  z) 


(14) 
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For  z  =  0 
f  <  1.0 
r  s  1.  0 
r  >  1*0 


,  0}  =  0.  5  I 

0)  =  OvZsi 


H  ;lf ,  0)  =  0  *  0 

Z  ' 


#5) 


Also*  HjJr.z)  =  H^i(ri-^z)* 

When  |:r-l;l  and  z  both  approach  zero*  the  integrands  of  both  H  and  H  become 

X*  z 

very  large  when  0  is  small;  indeed  Q__  **  0.0  for  ;|  r-*-l:l  ,  z,  and  e  -*  0.O.  Therefore* 
in  order  to  conserve  aceuracy  in  the  numerieal  integration*  it  has  been  found  necessary 
to  split  the  Integration  with  emphasis  in  the  range  of  0  w  0.  0*  Various  test  runs*  com¬ 
paring  the  ealculated  values  with  those  of  Alexander  and  Downing,^  have  shown  that  the 
best  acGuracy  Was  obtained  with  a  three -part  splitting*  that  is, 

*Tr/z 

^0  ''0  ^0*062’5  ’^0;*250 

and  ealculating  as 


pn/z  pOi  0625  /■»  0,250  nit.j 

i  I  +  y  ■*‘1 

Wn  <Jn  ^0*062’5 


B  *v/z^  +  (r*l)^  +  4r  si|i^ 


.0) 


(10) 


in  such  a  Way,  ah  accuracy  of  the  order  of  io'  ,  or  better,  can  be  maintaine'd  for 
i|r*^i.0  |  and  |z  |  ^  0.  QQQf  *  that  is,  well  belOw  any  dimenaion  of  the  wire  Used.  The 
change  from  the  single  integration  to  a  triple  mtegration  muat  occur  in  the  vicinity  of 
jr*l,o|  and  |:z  |  »  0.4* 

Nevertheless,  for  r  =  1,0  and  z  =  0.  0,  11^(1.  0,0.0)  s  op,  However,  this  is  a  purely 
mathematical  conclusion,  since,  by  definition,  the  thickness  of  the  current  sheet  is  zero, 
and  the  corresponding  current  density  ip  infinite,  a  situation  that  never  arises  physically. 
To  avoid  such  improper  physical  results,  we  stop  the  current  sheet  a  distance  €  from 
the  corner,  €  being  less  than  the  phySieal  dimension  of  the  actual  current  carrier.  The 
use  of  a  Gaussian  integration  procedure  achieves  the  same  purpose,  since  the  lowest 
value  of  0  employed  is  not  zero. 

Finally,  for  r  =  0.  0,  and  for  any  z,  the  integrand  of  H„(r,  z)  again  behaves  badly 
for  computation.  However,  in  that  ease  the  field  is  calculated  directly  by  integration 
of  the  Biot-Savard  law  for  a  thick  solenoid  of  uniform  current  density. 


jTofelT  (P+Y)  to  • 


(PtY) 


1+  J  1  +  (P-Y)^ 

See  Fig.  XIV- 16  for  definitions  of  o  ,  p,  and  y* 


1  *t 


yiT( 


(17) 
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Figs  XlV-16,  Cpnfifuratitjin  of  a  thiek  spiencfids 


For  a  thin  spiefipia,  a  =  Is  0,  ana  Eq.  if  beeOifies  inaetermlnate.  We  replace  it: 
hy  the  equation  for  the  onaaxis  fieia  @f  a  current  aheet 


i. 


k±  V 

V  1  +  (P+v)^ 


(18) 


Again,  the  field  is  norfnaiized  to  the  field  of  an  infinitely  long  solenoid. 

The  program  automatically  provides  selection  between  the  various  conaputatiOn 
Schemes  so  that  the  best  accuracy  and  speed  is  obtained. 

The  numerical  integration  of  Eqs,  2,  3,  and  16  is  carried  out  by  a  10-ppint  Gaussian 
quadrature.  Test  runs  indicate  that  the  accuracy  is  better  than  a  16^point  Gaussian 
quadrature,  probably  because  of  less  rounding^off  error  during  the  computation. 

For  a  thick  solenoid  the  accuracy  may  depend  upon  the  number  of  current  sheets  in 
which  the  actual  winding  is  split.  When  the  field  location  is  far  away  from  the  winding, 
fewer  current  sheets  are  required  thaa  when  it  is  very  close  or  inside  the  winding. 
There  is  no  definite  rule  for  selecting  the  optimum  number  pf  currents,  and  accuracy 
test  runs  must  be  made  for  each  particular  case-  However,  let  us  say  that  our  results 
indicate  that  for  a  thin  solenoid,  that  is,  with  thickness  approximately  IQ  per  cent  of 
the  radius,  an  accuracy  of  IQ  or  better,  is  obtained  with  5  current  sheets  for 
r  <  Q,  5,  and  10  curre!'^!  sheets  for  r  <  o.  95,  Inside  the  winding,  higher^order  splitting 
is  necessary,  to  approximately  the  same  number  as  the  physical  number  of  layers. 
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that  is.i  from  20  t<3  30. 

The  results  also  have  been  bompared  with  those  obtaihed  by  Spherical  harinGhic 

■8'  ''”9  -  -  -  “3' 

expahSioh.  ’  We  have  found  that  using  three  ternas  of  the  expansion  gives  eniy  10 

aceuracy  within  is  per  cent  of  the  radius  for  the  z  cOnipOnent,  and  very  mueh  less  for 
the  r  eomponenti  The  discrepancy  between  the  two  inethods  increases  quickly  when 
r  >  0.  Sj  aind  no  comparison  can  be  made  for  r  a  i.  0  beeause  Of  noneonvergence  of  the 
harmonic  expansion. 

The  basic  computation  is  carried  out  in  a  subprogram  that  calculates  H  and  H  when 

called  by  a  main  program  or  Subprogrami  The  input  data  of  the  subprogram  are  the 

inside  diameter  of  the  SOienoidi  the  winding  thiclmessi,  the  solenoid  lengthr  the  number 

of  current  Sheets  in  which  the  Winding  is  split,  and  the  radial  and  axial  field  position 

with  r  especi  to  the  center  of  the  solenoid. 

The  baSie  time  to  calculate  the  contribution  of  one  current  Sheet  to  the  H  and  H 

‘  r  z 

fields  takes  approximately  0.  05  second  on  the  IBM  709Q  Computer. 

Consequently j  for  a  field  position  thSt  is  fur  enough  away  from  the  Winding  so  that 


Fig,  XIV-17.  Field  variation  along  the  axis  for  coil  XI. 
a  =  1, 158;  p  =  0. 151. 
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Pig.  XiV.il8.  Field  variation  alsng  the  radius  for  coil  XI. 

o  =  i,  lS8;  #  s  0>l51.  Es  0,878  is  at  the 
edge  of  the  winding. 


the  integration  is  not  spHt,  that  iSj  |f^i|  or  jz|  >  0,4,  with  the  use  of  5  current  Sheets, 
assumed  the  result  is  0,  25  second  per  point.  K  the  field  position  is  close  to  the  edge 
of  the  winding,  then  the  Computatiort  time  is  approxiniately  three  times  longer.  For 
any  on^axis  point,  the  use  of  Eq,  17  or  Eq.  18  saves  much  more  time  ^d  redudes  the 
computation  time  tp  approximately  o.  oos  second, 

We  haye  applied  the  basic  subprograni  for  the  calculation  of  the  field  of  a  single  sole¬ 
noid  and  also  for  more  complex  problems. 

For  a  inultieoil  solenoid,  we  simply  used  a  sumnaatien  of  the  two  components  of  the 
field.  Each  cofl  is  Gharacterized  independently. 


1=1 


(19) 


where  is  the  number  of  turns,  the  current  or  current  ratio,  and  L 


,th 


the  length  of  the  i  coil. 


(i) 


^(i) 


The  inverse  problem  consists  in  the  determination  of  so  that  the  field  satisfies 
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(21) 


This  operation  is  easily  Oarried  out  fey  the  eOmputer.  Our  program  feasi  been  Set  to 
permit  solving  this  profelem  when  aiiy  Series  grouping  of  ooil'S  is  devised. 

Bipoles  induced  into  a  super eonduC ting  solenoid  may  fee  Of  prime  importance  fbr  the 
limitation  of  the  current  into  supercondueting  solenoids.  ^®  If  we  assume  uniform  dis- 
trifeution  of  dipoles  throughout  the  windings  the  magnetic;  field  results!  from  the  super¬ 
position  of  two  Current  sheets  of  equal  strength  of  opposite  direction,  one  adong  the  inner 
diameter  and  the  other  along  the  outer  diameter. 


H 


dp 


=  H  i . (ri  Z  .)^  H  *  (  r  ,  z  ) 

inner  '  outer  ' 


#2) 


The  normalization  factor  of  the  field  in  that  case  is 


h/L‘ 


(23); 


where  St  is  turn  spacing,  the  number  of  turns  per  layer;,  L  the  iength  pf  the  solenoid,, 
and  Ij^  the  equivalent  magnetization  eurrenti 

Fpr  purposes  of  illustration  we  show  in  Figs ,  XiVa|7,  and' XlV'^  19  the  fields 

profiles  and  denote  the  field  for  the  XI  coil  which  is;  describe#  m  the;  first  part  of  this 
report. 

L.  Bonadieu 
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RESEARCH  OBJECTIVES 
1 .  Plasma  Magnetohydf  odynaihics 

Our  group  is  pursuing  the  intermediate  objectives  of  improving  the  reliability  and 
capabiiity  of  the  existing  magnetically  driven  shock  tube ,  for  the  purpose  Of  increasing 
the  reproducibility  of  the  resulting  data,  enlarging  the  ainount  of  plasma  generated  by 
the  shock  wave,  increasing  the  resulting  shockifront  velocity,  and  making  possible  exam 
ination  of  unusual  shock  transitions  and  preperties  of  the  shock  layer . 

The  reliability  and  reproducibility  seem  to  be  related  to  the  breakdown  behavior  of 
the  drive  current,  so  experiments  are  being  conducted  which  should  make  this  breaks 
down  more  uniform  in  spatial  distribution  and  give  the  drive  current  a  more  advantage 
eous  time  distribution  • 

The  Capability  is  nOw  limited  by  failure  of  shocks  to  form  at  low  initial  pressuros 
(less  than  50  u  Hg  of  hydrogen)  and  by  leakage  of  plasma  past  the  drive  Current  sheet 
through  the  boundary  layer  i  Removal  Of  these  barriers  is  the  key  to  achieving  the 
experimental  goals  outlined  above, 

Simultaneously,  efforts  are  being  naade  to  devise  or  improve  methods  for  taking 
experimental  data  because  existing  methods  are  not  adequate  for  the  task  of  obtaining 
detailed  flow  information,  and  are  often  very  costly  to  implement. 

A.  H-  Shapiro,  W.  H,  Heiser 


2.  Energy  Conversion 

(a)  Magnetphydrodynamic  Energy  Conversion 

(i)  The  objective  of  our  research  in  magnetphydrodynamic  energy  epnversion 
is  to  study  theoretiealiy  and  experimentally  the  properties  of  parametric  and 
wave^type  power  generators  to  determine  their  ranges  of  applicability,  Our 


This  work  was  supported  in  part  by  the  National  Science  Foundation  under  Grant 
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tract  AF33,(6i  6)-7624  with  t  he  Aeronautical  Accessories  Laboratory,  Wright-Patterson 
Air  Force  Base,  Ohio, 
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interest  is  primariiy  in  large -signal  operatibn  of  the  type  that  rnight  be  suitable  for  large- 
scale  power  generation. 

During  the  past  yean,  progress  has  been  mahe  in  devising  a  mathematical  rnodel  te 
describe  the  small -signal  behavior  of  the  parametric  machine.  This  model  was  verified 
With  a  solid-conductor  analog,  and  the  model  Was  used  to  predict  the  small-Signai  behaV- 

ioF  of  parametric  machines  with  gaseous  conductors smali-signai  experiments  were 
performed  with  a  magnetically  driven  shock  tube  to  verify  the  analysis  of  generator  oper- 

alion  with  a  gaseous  GOnduetor .  In  these  experiments  net  power  was  generated. 

During  the  past  year,  our  research  on  wave-type  power  generators  has  been  directed 
toward  achieving  in  a  modified  homopoiar  experiment  the  plasma  conditions  (flow  velocity 
and  conductivity)  necessary  for  studying  the  amplifying  interaction  between  rnagneto- 
acoustic  Waves  and  distributed  eiectric  circuits.  Thus  far;  we  haye  Obtained  a  uniform, 
flowing  plasma,  but  the  conductivity  is  too  lOw  for  wave  experiments .  Modifications  are 
being  made  tO  improve  the  plasma  eonduCtivity  in  the  experiment. 

H.  H.  Woodson 
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(ii)  We  are  conGerned  with  electrohydrodynamiG  SurfaGe  interactions.  Pfevi- 
bus  investigations  have  clarified  the  fundamentai  aspects  of  wave  propagation  and 

instability,^’  ^  with  some  consideration  given  to  the  nonlinear  aspects  of  the  problem-^’  ^ 
Our  investigations  are  now  devoted  to  uhderstan#ng  the  ways  in  which  growing  field- 
coupled  Surface  waves  can  be  used  to  provide  eleetromechanicai  energy  Conversion.  We 

have  been  shown  that  the  meehanical  medium  ean  be  an  ionised  gas^  Of  a  Huid.  ^  Our 
pFesCnt  concern  is  with  the  effects  of  external  electriGal  Coupling  and  internal  mechan¬ 
ical  losses. 

J,  R.  Meleher 
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(b;)  Ifbermibnic  Energy  Conversion 

Tiie  present  research  Objectives  Of  our  group  are  oriented  toward  a  better  under - 
istanding  of  the  rnechanisms  eontrolling  the  performance  charaGteristics  of  cesium  ther- 
miOnic  cohverte.rs .  Toward  the  aGhievement  Of  this  goal,  the  following  areas  are  under 
ihve  s  tlgation . 

(i)  Theoretical  and  experimentai  studies  of  the  effeGt  of  GrystailographiG  orientation 
On  the  electron  emission  properties  of  a  material  both  in  vacuum  and  in  GesiUm. 

(ii)  Theoretical  and  experimental  studies  of  the  transport  properties  Of  the  inter  - 
electrode  gap  in  cesium  thermioniG  GOhyerters. 

(iii)  Measurement's  of  the  thermal  Gonduetivity  of  the  cesium  vapor  over  a  Wide  range 
of  temperatures. 

(iv)  Experimental  studies  Of  the  Oscillations  observed  at  low  cesium  pressures. 

E.  N.  Carabateas 

3:.  Alkali-Metal  Magnetohydrodynamic  Generators 

The  pver-ail  objective  of  our  program  is  to  determine  the  eiectricai  properties  of 
both  Superheated  and  wet  flowing  alkali-metal  vapOrs  at  temperatures  near  20dO°K.  A 
small  potassium  boiler,  superheater,  and  eohdenser  are  now  being  eonstructed. 

During  the  coming  year,  we  aim  to  eomplete  and  Check  oiit  the  plasma  facility,  and 
to  measure  the  eiectricai  Conductivity  of  the  plasma  both  with  and  Without  a  magnetic 
fieldi  Theoretical  stuffles  of  the  conductivity  of  the  wet  vapor  wiil  also  be  compieted.- 

J.  L.  KefrebfOek,  M.  A-  Hoffman,  G,  C.  Gates 

4.  Magneto- Fluid 'iiiynamics 

This  group  is  prlnGipaily  concerned  With  interaetions  between  eleGtromagnetie  fields 
and  those  eiectriCaliy  conducting  fluids  that  Can  be  treated  oh  a  continuum  basis,  Our 
work  ineludeS  theoretical  and  experimental  aspects  and  involves  both  the  inyestigatipn 
of  magnetohydrodynamic  phenomena  and  their  Utilization  for  engineering  applications, 
partieUlarly  for  electrical  power  generation,  The  foilOwlng  proMenis  are  receiving 
attention. 

(a)  Ma^etOhydrodynamic  Wave  Phenomena 

One  of  our  experiments  is  concerned  with  the  excitation  of  AlfvCn  waves  in  a  liquid 
metal  (NaK  alloy) ,  Electrical  excitation  by  means  of  a  current  sheet  has  proved  to  be 
markedly  superior  to  the  mechanical  methods  used  in  experiments  reported  previously. 
Efforts  are,  at  present,  directed  toward  a  systematic  study  of  the  excitation,  trans¬ 
mission,  attenuation,  and  refleetion  of  these  waves  in  the  frequency  range  UP  to  approx¬ 
imately  10  ke  , 

A  second  waveguide  study  is  concerned  with  MHD  wave  propagatipn  in  nonuniform 
plasmas.  A  high-density  cesium,  glow  discharge  is  being  set  up  for  the  experimental 
part  of  this  investigation, 

W.  D.  Jackson,  J,  P,  Penhune,  G.  B,  Klimao,  N-  GOthard,  C.  W,  Rook 


(b)  Moving  Space -Charge  Waves  in  a  Plasma 

The  nature  of  certain  macroscopic  instabilities  observed  in  the  plasma  of  glow  dis¬ 
charge  tubes  is  being  examined.  Traveling  waves  of  electron  and  ion  density  have  been 
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observed  sporltanebusiy  arising  wiihifi  severai  iiobie  gas  piaSmas.  These  waves  have 
aiSd  been  generated  with  soun^ng  probes  and  with  external  exeitation.  A  linearized 
thebry  has  been  developed  and  its  prediGtions  are  now  being  eorrelated  with  Our  exper¬ 
imental  observations. 

W.  p.  Jaekson,  R.  S.  Cooper 


(g)  MapietohydrOdynamiG  Channel  Plow  and  Turbuienee 

The  flow  charaeteristiGS  of  eieefriGaiiy  eonducting  Ruids  in  Ghannels  or  duets  are  of 
interest  in  conneetiOn  with  many  engineering  applications  of  magnetohydrodynamies . 

While  these  Inelude  both  liquid  and  ionized  gas  fiowSi  the  use  Of  liquid  metals  haS  advan¬ 
tages  for  a  considerable  range  of  laboratory  iavestigations. 

The  major  experimentai  effort  at  the  present  time  involves  the  construetion  of  an 
NaK  flow  loop  that  will  be  used  for  studies  of  pressure-drop  versus  flow-rate  relations 
(including  those  for  MUD  power-GOnversion  devieeS)  and  the  GharacteriStics  of  turbuienee 
in  the  presenGe  of  magnetic  fields 

The  theoretieal  treatinent  of  turbulent -flow  probiems<  thus  far;  has  had  only  partial 
suGcess  and  the  need  for  a  rational  method  has  long  been  evident.  An  attempt  is  being 
made  to  develop  Weiner's  "Calculus  of  Random  FunGtionais"  and  to  apply  it  to  both  sus¬ 
tained  and  deeaying  turbulent -flow  situations.. 

W.  p.  Jackson,  J.  Mi  Reynolds  111,  J.  R.  EiiiSi  Jr,, 

F.  W.  Fraim  IV,  H,  P.  Jordan 

(di)  Mathematical  Methods  in  Continuum  MagnetohydrOdyiiamiGS 

This  researGh  is  Goneerned  with  mathematical  methods  for  the  analysil  of  the  inter - 
aGtions  oCGUrring  in  magnetohydrodynamies.  The  present  Work  has  grOWn  out  Of  the 
investigation  of  MRp  channel  flows  i  partisUiarly  out  of  the  analytical  and  numerical 
techniques  that  were  used  to  obtain  sblutions  to  the  nonlinear  differentiai  equation  gov¬ 
erning  the  interaction  of  a  traveling  a.C  magnetic  field  with,  an  MRP  channel  flow . 

Our  research  cGneerns  the  application  Of  teehniTues,  Such  as  perturbatipn  expOUSiOns 
and  iterationai  and  variational  methods,  to  a  variety  Of  nonlinear  continuum  MRP  pro.! 
biems,  The  purpose  of  this  effort  is  twofold?  First,  tO  pfoduce  solutions  to  specific 
problems  that  are  of  practical  interest j  second,  to  Obtain  a  better  understandihg  of  the 
broad  classes  of  probleins  to  which  these  ieehniqueS  are  applicable. 

J,  P.  Penhune 

(e)  Local  Fluid-Veloeity  Measurement  in  an  Incompressible  Magneto- 
hydrodynamic  Flow 

The  behavior  of  several  different  types  of  probes  is  being  investigated  to  develop 
devices  for  measuring  the  local  fluid  veloctly  in  an  MHD  flow  for  the  ease  in  which  the 
applied  magnetic  field  is  perpendicular  to  the  fluid  velocity.  The  development  of  such 
probes  will  be  important  for  experimental  investigation  of  MHE  flows,  particularly  those 
associated  with  MHD  power-generation  devices. 

Three  types  of  probe  are  being  investigated  experimentally.  The  first  is  the  standard 
Pitot  tube  in  which  the  Tx  B  force  raises  the  fluid  pressure  at  the  stagnation  point  above 
the  usual  stagnation  pressure  of  the  fluid.  The  yelocity-pressure  relation  is  being  deter¬ 
mined  as  a  function  of  the  magnetic  field,  A  second  approach  is  the  investigation  of  a 
two-dimensional  aerofoil  aligned  parallel  to  the  magnetic  field,  The  last  probe  is  a 
miniaturized  electFomagnetie  flowmeter  for  which  the  calibration  depends  on  the  fluid 
Reynolds  and  Hartmann  numbers,  as  well  as  bn  the  local  velocity, 

A.  H,  Shapiro,  W-  D,  Jackson,  D.  A.  East,  J,  H.  Olsen 
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(f)  Liquid'- Metal  Magnetohydrodyiiamie  Power  Systems 

The  generation  Of  eiectriGal  power  on  spaGe  ■vehiGles  offers  a  potentiai  appliGation 
for  MBD  generators  to  operate  on  a  elOsed-GyGle  systeni  in  which  a  nUGiear  reaGtor  is 
the  termal -energy  souree  .  An  important  feature  of  an  M'H©'  sehenae  is  the  ahsence  Of 
rotating  parts  and,  to  utilise  thiSi,  a  working  fluid  is  required  with  a  sufficiently  high 
ele'GtriG  Gondueti'vity  at  the  temperatures  involved. 

A  soheme  in  which  a  liquid  metal  is  used  as  the  working  fluid  is  under  investigation. 
KinetiG  energy  is  imparted  tO  this  flow  by  driving  it  with  its  OWn  vapor  in  a  condensing- 
ejector  System  >  The  operation  of  this  system  on  alkali  metaiS  is  being  studied,  and  the 
relative  merits  of  ac  and  dc  generators  for  this  appliGation  are  being  examined. 

W.  D.  Jackson,  G.  A*  Brown 

(g)  MagnetobydrOdynamiG  Induction  Generator 

The  MBO  induction  maGhine  Utilises  the  interaction  between  a  traveling  magnetic  field 
(such  as  that  prodUeed  by  a  poijqjhase  winding)  and  a  Ghanneled,  flowing  fluid 
that  may  be  either  a  plasma  or  a  liquid  metals 

The  theoretical  analysis  of  this  machine  has  been  Gomipleted  for  the  case  Of  sing 
flow  of  an  inGOmpresSlbie  fluid.  It  is  now  being  extended  to  include  entrance  and  exit 
effects,  velocity  prOfiieSi  and  compressible  fluids  s 

A  twO-sphaSe,  linear  traveling-.fiel4' coil  system  is  in  the  course  of  constructions  It 
will  be  used  to  study  the  operating  charaGteristies  of  the  induction  generator  on  both 
piasma  and  iiquids.metal  flows  s 

Ws  Ds  JaeksOn,  E.  S,  Pierspn,  Ms  Hs  Reid 

(h)  A-C  Properties  of  Supereonductors 

Recent  intensive  efforts  to  fabricate  hard  sUperGondugtOrs  have  opened  up  a  Wide 
range  of  possibilities  for  utilizing  these  materials  in  the  produetion  Of  high  dc  fields, 
partieuiarly  in  situations  for  which  these  are  required  in  large  volumes.  The  adyan' 
tages  assoeiated  with  reducing  field-power  (Mssipation  also  apply  to  the  production  of 
aC  fields,  but  there  is  an  additional  problem  in  that  reactive  power  has  to  be  eircuiated. 
This  problem  implies  essentially  zero^loss  Gapacitive  energys-storage  elementSi  in 
addition  to  essentially  infinite  Q  inductors.  It  is  thus  of  interest  to  investigate  the  behav¬ 
ior  of  superconducting  materials  earrying  ac  currents  in  the  presence  of  ac  magnetic 
fields,  As  well  as  establishing  the  merits  of  superGonduetivity  materials  in  induetor 
and  eapaeitor  fabrication,,  such  investigations  provide  an  additional  method  of  gaining 
insight  into  the  mechanism  of  superconduetiyity. 

Present  investigations  deal  with  superconducting  materials  in  the  formi  of  wire  or 
ribbon,  and  two  experimental  techniques  are  being  pursued. 

(i)  The  eurrent-Garrying  capaeities  of  short,  straight  .lengths  of  superconducting 
wire  or  ribbon  are  being  determined  as  a  function  of  frequency  in  the  range  up  to  10  kp. 

(ii)  A-C  solenoids,  fabricated  to  avoid  electric  eddy  currents  and  insulated  to  aceom- 
modate  electrical  fields  arising  from  0B/8T  effects,  are  being  tested,  In  both  eases, 
the  ac  current  required  for  transition  to  normal  eonduetivity  is  obtained  and,  in  the  case 
of  solenoids,  the  measurement  of  Q  is  being  attempted. 

A  third  investigation  is  planned  to  obtain  data  on  the  behavior  of  supereonductors  in 
an  externally  applied  ac  field.  These  will  be  derived  either  from  a  rotating  magnet  sys¬ 
tem  or  from  a  separate  copper -conductor  ac  solenoid. 

The  work  is,,  at  present,  experimental  in  character,  but  future  theoretical  studies 
are  envisaged,  Jackson,  A,  N,  Chandra,  C,  R.  Phipps,  Jr, 
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(i)  Blodd-Fli©w  Studies* 

Another  activity  is  'fconcerned  with  mfedieal  engineering,  and  is  being  earried  on  in 
associatien  with  the  GardiOvaseular  iLaboratories  of  the  Peter  Bent  BFighani  Hospitalj 
Boston.  Since  nay  own  interest  is  prinaarily  in  the  use  of  rnagnetohydrodynamic  methods 
for  blood-flow  measurement^  there  is,,  in  fact,  a  close  relation  to  the  field  of  magneto- 
flui'd  dynamics.  The  scope  of  the  group,  however,  is  rather  broader  than  this  topic 
alone  would  imply  . 

The  aim  of  our  work  is  to  apply  engineering  methods  to  the  Study  pf  the  eardiovas  - 
eular  system,  and  we  are  engaged  in  this  iointiy  with  ©r,  Dexter  and  his  assbciates  at 
the  Peter  Bent  Brigham  Hospital.  At  present,  we  are  evaluating  flow -measuring  devices 
(eiectromagnetic  or  magnetohydrodynamic,  ultrasonic  and  thermistor;)  as  a  preliminary 
approaeh  to  the  study  of  the  eharacteriStieS  of  blood  flow.  A  second  aspect  of  our  Work 
is  the  identification  and  analysis  of  the  mechanisms  responsible  for  the  regulation  of 
cardiovascular  functions . 

W.  D;.  jackson 


A.  WGRK  GGMPLETED 

1.  the  effect  Of  swirl  on  the  ELECfROMAGNETIC  FLOWMETER 

This  research  has  been  eompieted  by  H.  D.  Meyer  and  the  results  have  been  accepted 
by  the  De,partmeht  Of  Me.ehanical  Engineering,  M.l.  T . ,  as  a  thesis  in  partial  fulfiiimeftt 
of  the  requirements  for  the  degrees  of  Master  of'  Science  and  BaGhelOr  Of  Science, 
Septemiber  1962. 

W.  D.  laekson,  j.i  M..  Reynolds  IH 

2.  EXpERlMENfAL  CHARAGtiRJSTiOS  OF  A  PLASMA  JEf 

This  reseafch  has  been  completed  by  M.  D.  Leis  and  the  results  have.  been,  aecepted 
by  the  Department  Of  Electrical  Engineefing,  M.L T, ,  as  a  thesis  in  partial  fulfiliment 
of  the  requiremeats  for  the  degree  Of  BaOhelOf  of  Seienee,  Jiine  1962, 

W,  D.  JacksOft 

3.  BLOOD^FLOW  studies* 

The  present  phase  of  this  work  has  been  completed  and  the  results  have  been  aceepted 
as  theses  by  the  Department  of  Electrical  Engineering,  M.L  T. ,  in  partial  fulfillment 
of  the  requirements  for  the  degrees  indicated,  ^ 

P.  G,  Katona," Analysis  of  Blood-Pressure  Regulation  Using  Correlation  Techniques," 
S, M,  Thesis,  June  1962, 

J,  R,  Ellis,  Jr.,  "Relative  Merits  of  Certain  Channel  Sections  in  Eleetrpmagnetic 
Flowmeters, "  S.  B,  Thesis,  June  1962., 

J,  E.  Thompson,  "Thermistors  as  BlObd  Flow-Rate  Transducers,"  S.  B,  Thesis, 

June  1962. 

J.  D,  Cervenka,  "Flow  Measurement  Using  Point-Contact  Electrodes,"  S.B.  Thesis,, 
June  1962. 

_ _ _  W.  D-  Jackson 

This  research  was  supported  in  part  by  the  National  Institutes  of  Health  (Grant 
HTS-5550), 
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B.  EXPERIMENTAL  MEASUREMENT  OF  THE  THERMAL  GONDUCTIVITY  OF 

CESIUM  VAPOR 

Ah  expefimehtai  rneasuremeht  of  fhe  thermal  conductivity  of  cesium  vapor  was  madie 
by  a  Variatiorl  of  the  hot-wire  cell  method.^  The  hot-wire  cell  was  operated  at  h0:0°K. 

At  this  temperature  level  the  heat  transfer  resulting  from  thermal  radiation  was  consid¬ 
erably  greater  than  that  resulting  from  thermal  conduetion.  Because  Of  this  uniavorabie 
ratio  of  heat  fluxes.  Slight  UHcertaintieS  in  the  thermal  emissivity  of  nickel  eOVered  With 
a  surface  layer  of  cesium  can  result  in  large  errors  in  the  observed  value  of  the  thermal 
conductivity  of  the  CeSium  vapors  TWO  cells  were  therefore  used  to  measure  simultane¬ 
ously  the  thermal  conductivity  Of  cesium  vapOr  and  the  thermal  emissivity  Of  nickel  in  a 
moderate -temperature  cesium  gas.  The  two  ceils  were  constructed  so  that  the  heat 
fluxes  resulting  from  radiation  were  identical.  End  eorreCtions  for  the  finite-length 
tubes  were  made  initiaUy  by  measuring  the  thermal  conduetiyities  of  air  at  room  temper¬ 
ature  with  each  cell  individually  and  With  both  cells  simuitaneouSiyi  as  Was  done  at  higher 
temperatures  with  cesiums 

The  thermal  conductivity  cells  GOrtsisted  of  mckel  Wires,  which  were  used  as  both 
resistance  heaters  and  resistance  thermometers,  placed  along  the  axis  of  copper  tubes  s 
Nickel  and  copper  were  used  beeause  of  their  stability  in  a  cesium  atmosphere  and  theiF 
availability. 

,  2  .. . 

The  heat  transfer  by  radiation  between  a  wire  and  a  surrounding  tube  is 


The  wire  and  tube  emissivities  were  anticipated  to  be  approximately  0 . 1  (later  verified). 
For  a  wire  diameter  of  0.  010  inch  and  tube  diameters  of  3/8  inch  and  1/2  inch 


and 

F.  =  1.00. 

tw 

Thus  the  difference  in  radiative  heat  transfer  in  the  two  apparatus  operating  at  the  same 
tube  and  wail  temperatures  was  Q-  b  per  cent. 

End  corrections  for  axial  conductipn  along  the  wires  to  the  ends  were  the  same  for 
the  two  cells,  The  cells  were  operated  at  pressures  low  enough  so  that  the  effect  of 

107 


QPR  No,  68 


(XV.  PLASMA  MAGNEfOHYDRODYNAMICS,) 


riaitufal  GonvfeGtion  oii  the  beat  transfer  rate  was  less  than  6. 1  per  eent  of  that  caused  by 

Conductioiii  OOnveetioa  amounts  to  1  per  cent  of  eonduction  at  a  Grashoff  number  Of  1570, 
...  .  1  . 
and  25  per  cent  at  a  Grashoff  numfeer  of  2200.  The  Grashoff  number  in  the  present  appa¬ 
ratus  was  approximately  12 .  The  energy  transferred  by  thermloHically  enEiitted  eiectrons 
in  the  cell  was  GOmputed  to  be  approxiinately  2  X  Watt,  well  belOW  the  range  Of 

aGcuracy  of  the  other  measurenaents .  Errors  attributed  to  misalignment  of  the  heated 
wire  were  caleulated  to  be  less  than  0. 1  per  Gent. 

The  differenGe  in  heat  iransfer  in  the  two  cells  was  attributed  Only  to  the  difference 
in  the  gas  conduction.  ThuSi 


Aq 

■Sf 


m 


Two  measurements  of  the  thermai  GondUGtivity  of  cesium  vapor  were  naade  with  the 
apparatus.  The  values  obtained  were  0.003646  Btu/hr  ft°F  at  toss °R  (603 °K),  and 
0.002946  at  1680 °R  (6O0°K).  The  average  Of  these  values  iS  0.002996  ±  1.6  per  Gent 
(experimental  scatter),  For  a  Prandti  nuinber  of  o.  7  and  a  speGific  heat  that  inGiudes 
the  ehange  ih  dimerization  with  temperature,  the  ViSGOSity  of  cesium  vapor  is  calcu¬ 
lated  to  be  0.0547  Ibm/hr  ft  (4.72  X  lO'^^lb^  sec/#). 

Si  I,  Freedman,  j.  B-  Sununu 
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C.  WORK  FUNCTION  OF  A  CONDUCTOR 

Finding  many  descriptions  of  the  electron  emission  process  very  unsatisfaetory,  the 
author  presents  a  report  that  he  hopes  will  resolve  most  of  the  problems,  give  a  new 
insight  into  the  emission  process,  and  help  in  predicting  emission  properties  of  materials 
Following  is  the  author's  coneept  of  an  electron  emitting  surface,  which  he  is  npw 
attempting  to  correlate  with  the  large  amount  of  existing  experimental  data, 

It  is  assumed  that  the  total  potential  energy  change  in  removing  an  electron  from  a 
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crystM  is  Enade  up  of  three  parts  that  add  in  a  linear  fashion:  monopole  wOrk,  dipole 
work,  and  work  against  external  eleOtrOstatic  fields . 

IVIonopolie  wOrk  is  defined  as  the  eontrihution  to  the  potential  energy  ohange  Of  an 
eleGtron  (whiGh  is  removed  from  a  OonduGtor)  arising  from  interactions  with  induGed 
surface  charges  that  are  induced  by  the  eseaping  eieetrOn  itself  and  not  by  external 
sources  i  The  monopole  work  is  simply  an  extension  of  the  Concept  Of  '''iaiage-foree  work" 
into  the  Surface  electron  elOud  and  into  the  crystaii  MdnOpOie  work  is  that  contribution 
to  the  total  potential  energy  change  whieh  depends  oh  the  square  of  the  electronic  eharge.. 
The  name  "monopole  work"  is  given  because  these  forees  vary  as  the  inverse  square  of 
the  distance  from  the  surface. 

Dipole  work  is  defined  as  the  Contribution  to  the  potentiai  energy  change  of  an  elec¬ 
tron  (wliiGh  is  removed  from  a  conductor}  arising  from  interactions  with  pernaanent 
surface  eieGtrostatic  fields  <  To  be  precisei  dipole  work  equals  the  charge  on  an  elec¬ 
tron  times  the  difference  in  electrostatic  potential  between  the  average  potential  inside 
the  conductor  and  the  potential  at  infinity  of  a  conductor  Of  uniform  surface  characteris¬ 
tics.  The  name  '"dlpoie  work"  iS  given  because  these  forces  are  caused  by  a  surfaee 
dipole  or  double  layer  * 

External  electrostatic  fields  are  those  fields  eaused  by  external  sources  and  by 
Surface  charges  induced  on  the  conductor  in  order  to  maintain  a  uniform  average  poten¬ 
tial  inside  the  eonduCtOri 

It  is  well  established  that  mohopole  work  eontributes  substantially  to  the  total  poten¬ 
tial  energy  difference  between  an  eieetron  inside  a  GonductOr  and  the  same  electron  out* 
side  the  conductor  (Schottky  effegt)i  The  existence  Of  dipole  work  is  a  subject  of  consid¬ 
erable  debate  and  speeuiatiOn,  which  the  author  hopes  to  resolve  in  part.  Electrostatic 
fields  are  generally  considered  to  exist  around  the  conductor  so  as  to  make  the  electro¬ 
static  potential  at  thg  surface  of  the  conductor  vary  as  the  work  function  divided  by  the 
eieetronic  charge  j  This  point  will  be  proved  rigorously  in  the  proof  of  Theorem  1 . 

Work  function,  for  the  purpose  of  this  report,  means  the  difference  in  energy  between 
an  electron  at  the  Fermi  energy  and  an  electron  at  rest  just  outside  the  conductor ,  High 
fields  at  the  surface  of  the  conductor  will  not  be  considered  in  thiS'  treatment  so  that 
questions  of  Schottky  effect  and  the  meaning  of  "just  outside  the  conductor^  are  not  diffi¬ 
cult  to  answer, 

THEOHEM  1;  The  electrostatic  fields  that  exist  around  an  isolated  conductor  are 
such  that  the  difference  in  electrostatic  potential  between  any  two  points  near  the  sur¬ 
face  of  the  conductor  equals  the  difference  in  work  function  between  the  two  eorres- 
ponding  regions  of  the  surface,  diylded  by  the  charge  on  the  electron. 

PROOF  1;  Consider  a  process  in  which  an  electron  at  the  Fermi  energy  is  removed 
from  the  interior  of  a  conduetpr  through  a  surface  of  work  function  bj,  moved  through 
an  external  electrostatic  potential  difference  -^d  then  returned  to  the  metal  at  the 
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Fermi  energy  through  a  surfaee  work  funetion  $2-  fhe  change  In  energy  for  this  process 
is 


AE  =  <t)pj  +  6^12  “  *^2  • 


But,  if  the  Fermi  energy  is  uniform  throughout  the  metal,  the  energy  Ghange  must  equal 
zero.  Therefore, 


m. 


12 


Since  the  proGess  can  he  carried  out  through  any  two  regions  of  the  surface,  the  proof 
is  GOmpieted. 

This  resmt  is  not  Surprising  if  one  rememhers  the  thermodynamiG  definition  of  work 
function  ( which,  incidentiy,  agrees  with  the  definition  stated  ahove  when  the  definition  of 
a  is  chosen  to  agree  with  the  statisticai  mechanical  definition^ 

0  =  ^  ~  ia  • 

Herej  W  is  the  electrostatic  potential  that  exists  just  Outside  the  surface  in  question,  and 
a  is  the  chemiGal  potential  Of  the  electrons  in  ihe  conductor. 

THEOREM  2;  The  variation  Of  work  function  with  the  nature  of  a  Surface  iaUSt  he 
caused  hy  a  change  in  the  surface  douhie  layer  .  The  monOpole  work  asspciated  wilh 
any  sUFface  of  a  conducting  material  of  uniform  Composition  is  independent  of  the  details 
of  the  Surface, 

PROOF  2;  In  a  Gonductor  Of  uniform  composition  the  average  electrostatic  potential 
in  the  interior  is  constant,  Therefore,  the  net  field  from  all  external  sources  and  surface 
charges,  taken  together,  must  be  zero  inside  the  conductor.  However,  in  the  proof  of 
Theorem  1  it  was  shown  that  the  electroStatie  potential  yaries  as  the  work  funetipn  just 
Outside  the  conductor ,  m  order  to  satisfy  Maxwell 's  equations,  there  must  be  a  surfaee 
double  layer  whose  strength  varies  as  the  work  function.  That  is,  the  dipole  work  asspci- 
ated  with  a  surface  varies  as  the  work  function, 

The  work  funetion  equals  the  monopole  Work  M,  plus  the  dipole  Work  D,  rninus  the 
electron  degeneracy  energy 

Ol  ^  Ml  +  Di  -  4 

•*>2  ^2  ^2"  ^  • 

Since  the  dipole  work  varies  as  the  work  function  and  the  electron  degeneracy  energy 
is  constant,  the  monopole  work  must  be  constant  and  therefore  independent  of  th®  details 
of  the  surface,  which  was  to  be  proved. 

When  an  electron  has  first  entered  the  electron  cloud  of  the  surface,  and  before  it 
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Fig,  XV,- 1,  Energy  diagram  of  a  surfaeei 


Fig.  XV-2.  Energy  diagram  of  a  surface  with  ah  adsorbed  ionizible  layer 
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has  reached  the  {irst  plane  of  nuclei,  it  is  repelled  by  the  electron  cloud  and  is  attracted 
by  the  nuclei.  This  is  the  region  of  the  surface  dipole  layer  *  Ibe  field  of  ah  electron 
is  given  toy 


where  E  is  in  volts  per  angstrom  and  r  is  in  angstroms.  Eiectronic  separations  are  of 
the  order  of  angstroms  i  aS  is  the  thi'cfcnesS  Of  the  dipole  layer  <  This  is  adequate  to  pro¬ 
vide  the  several  electron  volts  of  dipole  work  that  is  neGeSSary  to  explain  a  WOrk-funetiOn! 
variation  Of  an  eiectron  volt  from  one  crystallographic  surface  to  another  i 

Since  electric  fields  exist  outside  the  conductor,  but  not  inside,  there  also  must  toe 
a  Surface  charge  equal  to  the  external  field  times  the  permittivity  of  free  Space.  The 
surface  charge  is  an  induced  charge  and  is  dependent  on  the  distrihution  of  the  work 
function  Over  the  surface  of  the  conductor,  as  Well  as  the  presence  of  externally  applied 
fields,  whereas  the  double  layer  is  permanent  and  determines  the  Work  function. 

Theorem  2  rests  heavily  on  die  assumption  that  the  Work  function  is  made  up  of  two 
parts,  that  is,  mpnOpole  work  and  dipole  work.  At  the  present  time,  it  is  not  at  all 
clear  whether  or  not  this  assumptioh  is  warrented.  Other  terms  may  toe  iMpOFtant, 
However,  any  other  teriSls  that  do  prove  to  toe  important  can  be  forraally  combihed  with 
the  monopdle  work,  and  the  important  resuit  bf  Theorem  2  is  preserved:  the  variation 
of  work  fUnGtion  with  the  nature  of  a  Surface  must  be  Caused  by  a  change  in  the  surface 
dpuble  layer,  alone, 

it  is  generally  recognized  that  a  cloSe-packed  surface  has  a  larger  proportion  of 
electrons  outside  the  first  plane  of  nuclei  than  a  less  densely  packed  surface,  and  there¬ 
by  presumably  has  a  stronger  double  layer  (and  therefore  higher  work  funotion)  than  a 
less  densely  packed  surface.  Also,  a  close -packed  surface  has  more  nuclei  per  unit 
area  to  produce  a  stronger  double  layer.  This  predictipn  is  in  qualitative  agreement 
with  many  experimental  observations .  Calculations  are  now  being  made  to  relate  these 
ideas  to  die  experimental  data  in  a  quantitative  fashion. 

The  determination  of  the  electron  distribution  near  tbe  surface  of  a  eonduetor  covered 
with  an  ionizable  adsorbed  film  is  a  difficult  problem .  Some  guess  must  be  nbout  the 
nature  of  the  adsorbed  particles.  Are  they  atoms,  ions  or  aoniething  in  between?  Rasgr^ 
assumes  that  surface  particles  are  either  atoms  or  ions  in  a  number  given  by  their 
thermal  excitation  probabilities.  In  effect,  Rasor  calculates  the  mpdification  of  the  dipole 
work  by  the  adsorbed  particles.  It  is  the  author's  belief  that  this  is  the  reason  for  Rasor 's 
striking  success  in  computing  the  change  in  thp  work  function  as  a  function  of  surface 
coverage,  The  change  in  the  dipole  work  equals  the  change  in  the  work  function. 

Figures  XV- 1  and  XV-Z  show  schematically  the  thermionic  emitting  surface  des- 
crabed  in  this  paper.  Figure  XV-1  shows  a  bare  metal  surface;  Fig.  XV-2  shows  a 
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surfaGe  par tiaily  Govered  with  iohizable  atoms  'tposltive  iSns  shown)*  A  few  surface  atoms 
are  showni  the  GOnduCtor  is  to  the  lefti  free  space  to  the  right  *  The  potentiai  energy  of 
an  eiectron  iS  plotted  against  the  distanee  normal  to  the  SurfaGe  x,  measured  from  the 
effective  piane  of  the  surface  charge  mentioned  in  the  Schottky  modei.  The  potential 
energyi  shewn  smooth  inside  the  conductor,  is  the  average  potential  energy  used  in  the 
free-eiectrOn  gas  approximation*  The  electrostatic  potential  times  the  electronic  eharge 
is  also  shown  plotted  against  the  dislanee  normal'  to  the  surface. 

The  Fermi  energy  is  shown,  as  is  the  Fermi  surfacei  that  is,  the  Surface  on  which 
Fermi  eiectronS  have  their  eiassical  turning  point*  A  physical  interpretation  is  given 
of  the  Schottky  cutoff  distance  Xg, 


1 

4Tte. 


where  Xg  is  in  angStrOmSi  and  41  is  in  electron  volts*  The  distance,  is  simply  the 
diStanGe  hetween  the  effeetive  plane  of  the  surface  Gharge  and  the  Fermi  surface. 

The  eiectron  degeneracy  energy  |,  and  the  monopple  work  M,  both  being  functions 
of  the  substrate  epmppStipn  aipne,  are  shown*  The  work  function  4>  and  the  dipoie  work 
Pi  which  determines  the  work  funetion,  are  also  shown. 

Mi  F*  Koskineh 
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p.  POWER  FEOW  IN  THE  MAGNETQHYPRGPYNAMIC  INDUCTIDN  MACHINE 

The  magnetphydrodynamie  (MHI?)  induction  machine,  shown  schematieally  in  Fig*xy-,3 

for  the  fiat  linear  version,  utilizes  the  interaction  between  a  traveling  magnetic  field 

and  a  Channeled  electrically  Conducting  fluid  to  conyert  energy  between  meGhanical  and 

electrical  forms ,  In  principle,  this  type  of  machine  is  analGgUUS  to  conventional  rotating 

induction  machines,  and  aceordingly  the  well-sestablished  features  of  asynebrpnous  oper- 

12 

atlon  apply  to  it.  This  report  presents  a  generalization  pf  preyipus  work  '  to  a  magnet 
epre  of  arbitrary  permeability  and  epndUGtiyity. 

1 ,  The  Model 

The  model  to  be  analyzed  is  shown  in  Fig*  XV-4,  The  fluid  flows  in  the  x  direction 
between  two  parallel  exciting  plates  of  infinite  extent  in  the  x  and  z  directions,  a  diss- 
tance  2a  apart  .  The  fluid  velocity  is  assumed  to  be  constant  and  in  the  k  direction  (slug 
flow)  to  uncouple  the  electromagnetic  and  fluid  equations  and  thus  allow  an  analytical 
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splutiott  to  be  obtained.  "The  region  Outside  the  plutes  is  filled  with  a  eore  Of  permeability 
and  conductivity  cr  .  The  exciting  piateSi  separated  from  the  fluid  and  core  by  insu- 
lators  of  infinitesimal  thickness  tO  prevent  current  flow  in  the  y  directioni  are  assumed 
thin  so  that  they  can  be  replaced  by  current  sheets  with  a  Surface  conductivity  xr  =  c.b, 
where  fa  is  the  plate  thickness  and  the  material  conductivity ^  %e  plates  are  driven 
by  a  current  source  that  gives  a  symmetric  surface  current  density 


iPhiASE  i  PHASE  2 


Fig,  XV-4.  The  model. 
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K  =  i  JJl  cos  ((»jt-kx)i  (1) 

Z 

which  represents  a  traveiing  eurr'ent  Wave  of  amplitude  NI,  frequency  coj  wavelength  \  = 

Eir/k,  and  velocity  v  =  co/k.  The  surface  current  is  considered  to  be  ipf oduced  by  a 
s 

balanced  two-phase  system  with  sinusoidally  distributed  windings  of  maximum  turns 
density  N  and  peak  current  Only  two -phase  excitation  is  considered,  since,  as  shown 
by  White  and  WOodson,  an  n-phase  system  can  be  reduced  to  a  two-phase  equivalenti 

2  i  Electromagnetic  Fields 

The  electromagnetic  fields  are  determined  from  Maxweli's  equations  with  the  usual 
magnetohydrodynamic  approximation  of  neglecting  displacement  currents .  Assuming 
constant  velocity  eiiminateS  the  need  for  the  fluid  equations.  The  analysis  is  simplified 
by  the  use  of  a  vector  potential  A  and  a  scalar  potential  <|>  defined  by 


B  =  V  X  A 


m 

(3) 


Noting  that  Ohm's  law  in  a  moving  fluid  is  J  =  <r(E+VXBl  and  substituting  Eqs,  2  and  3 
in  Maxweli's  equations  gives 


^^A  "  p(f  ^  +  :(jiir(vXVXA)  g  0 


(4) 


-2 

V  ■  e  ^  po-  =  b ,  (5) 

Here, 

V  •  A  +  pcre  ^  0  ( 6 ) 

has  been  chosen  to  uncouple  Eqs,  4  and  5.  The  x^  and  t-dependence  of  all  quantities 
must  be  as  from  the  excitation  and  boundary  conditiGns.  This  will  not  be  indi¬ 

cated  explicitly,  A  is  due  solely  to  eurrents,  so  that  it,  as  well  as  J,  is  in  the  ? 
direction  and  independent  pf  z  ,  The  inclusion  of  all  components  of  A  will  not  affect  the 
fields  obtained, 

The  vector  potentials  in  the  fluid  and  core,  from  Eq.  4  with  the  conditions  that  the 
normal  magnetic  field  is  continuous  across  the  boundary  and  the  tangential  magnetic 
field  is  discontinuous  by  the  surface  current,  are 


PjNI  cosh  vy 
sinh  va  +  a6  cosh  ya 


(7) 


—V 

A  = 


.-6(y>-a) 


Y  tanh  ya  +  43  '  ^ 


(8) 
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where 


6^  =  k^dtiKMo! 


#: 


s 


V 


(9) 

(10^ 

(ill 


(121 


(13) 


®Mg  ■ 


;li  &,  V 

“c  c  s 


(14) 


The  suhseripts  f.  c.,  amd  e  are  used  tp  denote  fluid,  eprej  and  exciting  plate  puantitieSj 
respeGtively .  a  is  the  slip  in  terms  of  syitchronous  speed  V^,.  and  t&e  fluid  aftd 
pot’e  magnPtiG  ReynpMs  numhers.  indicates  the  lilaghitude  of  thP  fieid-fluid  intef  '- 

aGtipn. 

In  the  expitihg  plates  E  -  .  =  NI/g  .  The  sqaiaf  potehtiai  in  the  shhets>  ff  Pm  E^*  3,  is 

4.  --m  ,.5, 

^e  ”  (Tg  y  fahh'W  +  ^  5  ' 


The  scalar  pptentiai  is  zejrp  outside  the  exciting  plates  <  Note  that  the  tangential  electric 

field  is  not  cPhtinupus  across  the  boundary.  Its  discontinuity,  however,  serves  only  to 

4 

determine  the  dipole  charge  layer  On  the  insulating  strips  . 


3.  Electrical  Impedance 

The  electrical  eharaeteristics  pf  the  MHD  induction  machine  are  conveniently 
expressed  in  terms  pf  the  impedance  observed  at  the  terminals  of  an  exciting  cpil.  The 
impedanee  may  be  obtained  from  the  voltage  measured  between  the  coil  terminals 

px+X. 

V  =  2  \  (AV)  N  cos  kxdx,  (16) 

‘^x 

where  AV  =  <t>g(z)  -  <|>g(z+c)  is  the  voltage  across  a  single  wire  and  the  integral  represents 
the  sum  of  over  a  coil  that  is  considered  tp  be  a  wavelength  long  and  of  depth  C  in  the 
z  direction.  V  is  twice  the  integral  because  each  coil  is  made  up  of  two  sections  located 
above  and  below  the  channel,  as  shown  in  Fig,  XV-4,  The  equivalent  resistance  and 
inductance  are 
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R  -  R  Im. 

ko--  o 
S 


I  y  tailh  y  a  +  c6:f 


L  =  L  R  e  <- 


o  ■  T\  taiih  ya  +  a6  ;r 


where; 


G  G 


Zitu^N  wc 


(17) 

(1«) 

(19) 


arid  Re  arid  Irri  stand  fer  the  real  alrid  imagiriary  part  6f  the  quantity  in  the  braclcets .  If 
Eqs.  9  arid  lO  are  sufestituted  in  Eqs.  17  arid  i8>  it  is  seen  that,  excludirig  the  teriri 
deperiding  ori  the  ridrriiaiized  ratios  R/R^  arid  L/L^  depend  oh  only  five  diirienslonlesS 
pararrieters:  s,  Rj^.,  ^Mc’  Since  6  appears  everywhere  multiplied  by  a, 

arid  sirice  for  a  good  core,  the  effect  Of  core  loss  is  sfnall . 

For  a  slit  chaririei,  ya  «  L  arid  by  assuiriing  a  lossless  core  arid  exciting  coils  (<^^=0, 
(f^=o6)i  the  equations  can  be  wfitten  approximately  as 


sR 


Me 


i  + 


2o2 

®  ^Md 


m 


I  *  8%!,. 


where 


^Md 


■  ■  ■  '  (  B^  a  k  )  ’  ’  (  a+a  k  ) 


(21) 


m) 


is  the  pertinent  magnetic  Reynolds  number .  The  functional  dependariee  is  the  saine  as 

2 

for  the  ideal  core  slit-^ehanftel  ease  except  for  the  replaeemerit  of 

difficulty  with  a  nonideal  core  is  that  it  is  much  harder  to  obtain  a  large  Rj^^  ^  RjVi* 

and  this  residts  in  poprer  performanee. 


4.  Power  Flow 


Relations  are  obtained  for  the  time -average  real  power  flow  in  an  MHD  iriduetion 
machine  of  dimensions  i  and  c  in  the  x  and  z  direetions,  respectively.  The  power 
supplied  by  the  exciting  windings  to  the  fluid,  the  real  part  of  the  surface  integral  of 
Poynting's  vestor  over  the  fluid,  is 


P  = 


P  Im  {ky  tanh  ya} 


(y  tanh  ya+«5)(y  tanh  y  a+a6  ) 


(23) 


where 
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P  = 
o 


k  ' 


The  meehahical  power  output,  P^,  and  the  power  dissipated  in  the  fluid,  P^,  are 


f  a  f  x+i  /8p\ 

“cl  X  \  / 


^  _j!c 

J  •  J 


"'Vol 


dv  =  sPg, 


(24) 

(25) 
(25) 


/®P\ 


where ^  denotes  the  tinie -average  pressure  gradients  Illese  are  idehtiGai  with  the 

power  reiatiohs  Obtained  for  rotatihg  induction  machines  when  P  is  identified  as  the 

s 

"gap  power". 

The  power  dissipated  in  the  core  berGause  of  its  finite  Gonductivity,  P^,  is  found  in 
the  sarne  manher  aS  for  Pg  to  be 


Pg" 


P  Im  {a  k  s} 


—  --  J- -  •  y  --  4"?)?  * 

(  Y  tanh  Ya+ofi  )(y  tahh  V  a+a6  ) 

The  power  dissipated  in  the  exGitihg  Goil,  analogous  to  P^,  is 


4 


<r.  "  O’ 

X  s  s 


(27) 


m 


Note  that  for  i  =  P„  =  l^R,.  and  P_  +  P  +  P,,  =  l^R,  as  expected. 

The  effleienGy  of  the  induction  generator,  power  out  divided  by  power  in,  is 

P  .  +  P„  +  P^ 

.  s,_ . G. . e. 


m 


,  where  P^  and  Pjj^  are  negative  fpr  geherator  operatipn  (s^O),  While  P^ 


aftdi  Pg,  power  iosSes,  are  always  positive.  For  a  lossless  cOil  the  effiGienGy  is 


Im  (cS) 


Irri(Y  tahh  Ya) 


s  <  0 


(29) 


in  which  the  term  in  brackets  is  less  than  or  equal  to  1 ,  For  a,  lossless  core,  6  real, 

this  reduces  to  the  efficiency  found  previously  for  a  slit-channel  machine  with  an  ideal 
2 

core. 


E.  3.  Pierson 
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RESEARCH  OBjECTlVES 


This  group  is  interested  in  a  varied  Of  probiems  in  statistiGal  comniunicatiOn  theory. 
Our  current  research  is  concerned  primarily  with  the  followhig  problems: 

1.  A  simple  two-state  moduialiOn  system  has  been  designed  and  is  imder  study i  We 
are  making  a  theoretical  investigation  of  the  iineartiy  of  the  system  and  of  its  noise  per- 
fOrmancei  The  system  will  be  applied  tO  the  problems  of  high-effiGiency  power  amplifi¬ 
cation  and  reguiationi  multiplication »  and  low-frequency  tape  recordings. 

2.  The  study  of  factors  that  influence  the  recording  and  reproduction  of  Sound  con* 
tinuesi  The  relative  roles  of  the  normal  modes  of  the  reproducing  room  and  of  the 
transducer  are  under  investigation. 

3.  In  the  Wiener  theory  of  nonlinear  systems,  a  nonlinear  system  is  charaGterized 
by  a  set  of  kernels  ^  A  method  for  the  determination  of  these  kernois  was  reported  in 
Quarterly  Progress  Report  No»  60  (pages  il8.-i30)i  Work  on  the  methodj  both  tbeoreta 
ical  and  experimental,  is  being  contmueds 

4,  The  central  idea  m  the  Wiener  theoiy  of  nottlinear  systems  is  t@  represent  the 
Output  of  a  system  by  a  series  of  orthogonal  functionals  with  the  input  of  the  system 
being  a  white  Gaussian  process*  An  attempt  is  being  made  to  extend  the  orthogonai  rep’* 
resehtation  to  other  types  of  inputs  that  may  have  advatitages  m  the  practicai  application 
of  the  theory- 

|.  A  study  is  bemg  made  of  the  various  aspeGts  of  error  in  filtermg  When  the  noise 
is  additive  and  statistically  independent  of  the  signal.  Emphasis  is  plaped  on  nonlinear 
nQs-memory  filters, 

6.  Noise  sources  m  space  can  be  located  by  mems  of  higher  Order  correlation  func¬ 
tions.  A  study  is  being  made  of  the  errors,  caused  by  fmite  observation  time,  incurred 
m  locating  sources  by  this  method, 

7.  Many  physical  processes  cm  be  phenomenologically  described  in  terms  of  a  large 
number  of  interaeting  oscillators,  An  experimental  investigation  is  being  made  of  some 
theoretical  results  that  have  been  obtained. 

8 ,  A  nonimear  system  can  be  characterized  by  a  set  of  kernels .  The  synthesis  of 
a  nonlinear  system  involves  the  synthesis  of  these  kernels.  A  study  is  being  made  of 
efficient  methods  for  synthesizing  these  kernels. 

9,  The  advantages  of  pseudo-noise  carrier  systems  are  Well  known.  One  disad¬ 
vantage  is  the  large  bandwidth  requirement.  This  disadvantage  can  be  compensated  for 
in  multiplex  systems  by  using  a  large  number  of  carriers  in  the  same  frequency  band. 

If  one  uses  a  simple  demodulation  scheme  for  a  particular  channel,  the  other  carriers 
act  as  additive  npise.  By  using  a  more  sophisticated  demoduiation  scheme,  this  inter- 
ferenee  can  be  reduced.  An  experimental  system  is  being  constructed. 


3(C 
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iOi  A  reasonably  sinaple  adaptive j  coherent,  binary  conantiuniGation  systena  has  been 
developed  aaid  analyzed.  Theoretieal  results  indicate  that  even  in  ehannels  with  reason¬ 
ably  faist  lading  there  is  an  appreeiabie  improvement  over  a  conventional  inGOherent  sys¬ 
tem. 

11.  Experimental  work  on  threshold  effects  in  phase -locked  loop  discriminators 
continues. 

12.  Interesting  results  pertaining  tO  the  analysis  of  nonlinear,  randomly  time-variant 
systems  have  been  obtained.  Work  in  this  area  Continues  and  some  experimental  verifi¬ 
cation  On  typical  systems  iS  planned. 

Y.  W.  Lee 

A.  THE  SYNTHESIS  OF  A  CLASS  OF  NONLINEAR  SYSTEMS 

In  the  Wiener  theory  of  nonlinear  Systems,^  a  nonlinear  system  is  characterized  by 

a  set  Of  kernelSi  h  .  F or  a  Gaussian  input,  the  kernels  Gan  be  determined  by  erOsseor- 
2  3^ 

relation.  '  If  Only  N  kernels  are  used  to  charaGterize  the  nonlinear  system,  then  the 
resulting  representation  Gan  be  expressed  in  the  form  of  a  Volterra  series 
N  ^ 


in  whieh  y(t)  is  the  response  of  the  nonlinear  system  for  the  input  x(t;).  If  the  System 
is  realizable,  then 

kj^(T  •  •  •  *  '*'n)  -  ^  for  ^hy  <  0,  j  =  1,  2, . . . ,  n.  (2‘) 

A  problem  in  the  practieal  applioation  of  these  results  is  the  synthesis  of  systems  whose 
kernels  are  the  kernels,  k^,  of  the  Volterra  series.  If  an  n  ' -order  kernel  of  a  system 
is  separable.  So  that  it  can  be  Written  in  the  form 


2  n 


(3) 


then  the  system  Can  be  synthesized  in  the  forin  depicted  in  Fig.  XVI- 1,  The  system  is 
one  in  which  the  putputs  of  the  n  linear  Systems  with  impulse  responses  k^  (t)  are 


Fig,  XVi-l. 


Synthesis  of  an 


th  , 
n  -order 


separable  kernel. 
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multiplied  together  i  However  j  in  general,  a  kernel  is  not  separaible.  A  naethod  sug¬ 
gested  by  Wiener  is  to  expand  the  kernels  in  terms  of  a  set  Of  orthogonal  functions  such 
as  the  LagUerre  functions }  Thus,  if  is  the  Set  of  Liaguerre  fUnctionSi  then 

go. 

n=G 


nj=o 


n^yng 


n 


1 


m 


..Tn)  = 


nj=0 


n  % 

-  "n  ^1  ^ 


in  which 


pbo  ^oc 

s . »,  =  Jo  ■■■\  V**- 


X  ,|y 


The  synthesis  of  a  first-  and  a  Seeondaorder  kernel  in  terms  of  Eq.  4  is  deptcted  in 
Fig,  XVI:-2.  HoWeveri  the  synthesis  of  a  given  system  by  this  procedure  will,  in  gen¬ 
eral,  require  an  mfihite  number  of  multipliers.  In  this,  report,  we  shall  present  a 
method  of  determining  whether  a  System  can  be  Synthesized  by  using  only  a  finite  number 
Of  multipliers .  We  also  shall  present  a  method  for  the  Synthesis  of  such  systems .  To 
explain  the  Lmethodi  the  analysis  of  a  system  with  only  a  second-opder  kernel  Will  be 
presented,  The  extension  to  systems  with  higher-order  kernels  will  then  he  given, 


1,  Second-order  Systems  with  Only  One  Multiplier 

We  shall  first  discuss  the  class  of  second-order  kernels  that  can  be  synthesized  by 
means  of  only  one  multiplier.  A  system  consisting  of  only  one  multiplier  whose  kernel 
is  clearly  the  most  general  second-order  kernel  that  can  be  obtained  is  depicted  in 
Fig.  XVI-3-  The  second-order  kernel  of  this  system  is 


k^(Tj-o-)  kjj(T2-o-)  do-, 


(6) 


Tb®  kernel  transform  of  this  system  is  the  two-dimensional  Laplace  transform  of  its 
kernel: 


=  I*  £"  Otj  =  K^(s,|  Kj,(S2) 


(7) 
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(b) 


Fig.  X;Vl-2. 


(a)  Synthesis  of  a  firSt-ordeF  kernel  by  means  of  Laguerre  functions 

(b)  S^thesis  of  a  second-border  kerhei  by  means  of  Laj^erre  functions 


Fig,  Xyi-3. 


The  most  general  seeond«brder 
kernel  with  only  one  inultiplier , 
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in  whifeb 

i£(;s)  =  r  k(t)  di,  (8) 

Jd 

so  that  K^(s)>  and  K^(s!)  are  the  transfer  funetions  of  the  linear  systems  with 

impuise  responses  k  (t)>  k.  {t),  and  k  (t)*  respectivelys  To  facilitate  our  discussipm 

i£L'  'DC 

we  shall  write  the  transfer  function,  K(s),  of  a  linear  system  in  the  form 


K{s) 


P(S) 

WM 


m 


The  zeros  of  P(s,)  are  the  zeros  of  K(s),  and  the  zeros  of  Q(S,)  are  the  poles  Of  K(s)  • 
Note,  however,  that  P(s)  and  Q(S)  are  not  neGeSSarily  polynomials  in  S.  In  terms  of 
Eq.  9,  we  can  Write  the  kernel  transform,  K^iSj/S^),  as  given  by  Eq.  7,  as 

P  Is,)  P.  (S.)  P  (S  +s  ) 

^  Q^tSj)  Q-(S^)  q^tSj+Sg)  ‘ 


2i  SeGondworder  Systems  with  N  Multipliers 

We  now  note  that  a  system  consisting  of  N  .multipliers.  Whose  kernel  is 
the  most  general  secohd-order  kernel  that  ean  be  obtained,  is  one  whose  output 


Fig,  XVI-4.  The  most  general  second-order  kernel  with  N  multipliers, 

is  the  sum  of  the  outputs  of  N  systems  of  the  form  depicted  in  Fig.  XVI- 3. 
Such  a  system  is  shown  in  Fig,  XVI-4,  By  use  of  Eq,  6,  the  second-order  kernel 
of  this  system  is 


N 

I  £  k^^(T2-<r)  k^Jal  d<r, 

n-1 


(M) 
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and  from  Eq.,  ? ,  its  kernel  transform  is 
N 


(12) 


---I  JIA  **  XJ, 

n=  1 

By  use  of  Eq.  i6»  the  kernel  transform  can  be  written  in  the  form 

n=  1  n  n  n 

The  sum  of  the  Series  of  Eq.  13  is  of  the  form 


(12) 


f^o;(®ii'®p) 
-  Q-tSpSg) 


(14) 


The  zeros  of  P2'(S|'®2'^  zeros  of  K^ts  j^^.s^)!  and  the  zeros  of 

poles  of  Kgfs  jjSg).  From  Eq.  13,  we  note  that 

N 


P^CSj.Sg)  =  2/ 

^'.'  s  n  n  li' 


(15) 


h=l 


in  Whieh 


N 


(i)  s  P  (s)  inr  Q  (s)  a  =  a.  h  or  e 

h  h  j=i  3 

3#h 

and 

Fb<^2^ 

in  which 

.;N 

F^(S:)  =  ^  (s)  a  =  a,  b  or  c. 

n- 1  “n 


(16) 


(17) 


(18) 


Thus  Q2(0j,S2)  is  expressible  as  the  product  of  three  functions:  a  function  of  Sj^^,  a 
function  of  Sg,  and  a  function  of  (Sj+s^);  also,  P^ts^.s^)  is  expressible  as  the  sum  of 
N  such  produets  , 

We  note  that  if  N  multipliers  are  uSed  to  synthesize  a  second-order  kernel,  then 
the  second-order  kernel  transform  must  he  of  the  form 


N 


Z  Ra  <^1>  ^b  <®2^  ^c  <®l+^2) 
n=i  n  n  n 


‘^2'=l-V=  F'Js,)F^(S2JF^ts,H.s^) 


(19) 
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Furtheriiiore,  if  a  second-order  kernel  transform  is  expressible  in  the  form  Of  Eq^  1^,, 
then  it  can  be  synthesized  by  means  of  !N  multipliers. 


3.  Illustration  of  the  Method  of  Synthesis 

We  shall  illuStratei  by  means  of  two  examples;,  a  procedure  by  whieh  this  synthesis 
ean  be  accomplished. 

As  Our  first  example,  we  desire  to  Synthesize  the  following  second-order  kernel 
transform: 


Ky(s,*s_)  - 


P2ts^,S2) 


2'  r  2'  ^ 


s^s^  +  4s^  +  i^S^Sg  4  s  js|  +  Zs^  1  12s  j  +  48 
S^S2  +  4s|  +  12S  jS^  +  S  jS|  +  2s|  +  32  s  ^  +  48 


(20) 


This  kernel  transform  Gan  be  Synthesized  by  means  of  a  finite  number  of  multipliers . 
Thus  QgCsjjSg)  is  expressible  in  the  form  T®  ^bl^f'hiine  these 

three  funetionsi  we  first  let  s  j,  =  o  and  s^  =  s^  Theh  the  zeros  of  QgCb.s):  are  the  zeros 
of  F^(0)  F^;(S)  Fps^  Thus, 


F  (6)  F.  (Si)  F  (s)  =  2S  +  20s  +  48 
■  a.  D  .Q 

=  2(s+4)(S+6),  (21) 

Second,  let  S  =  s  and  Sg  =  0 .  Then  the  zeros  of  are  the  zeros  of 

Fps)  Fi,(Q)  Fg(S),  Thus, 

FpS)  F^(0)  Fg(S)  =  4s^  +  32s  +  48 


=  4(s+2)(s+6).  (22) 

Third,  let  S  j  =  s  and  s^  =  -s.  Then  the  ^zeros  of  Q^S/'S)  are  the  zeros  of 
Fps)  Fj^(-s)  FpCh.  Thus, 

F^(s)  Fiji-?)  Fp®)  ^  +  12s  +  48 

=  fe(s+2)(-^S+4).  (23) 

By  comparing  the  common  zeros  of  Eqs,  21-23,  we  note  that 
F^Os)  =  (s+2) 

Fb(S)  =  (s+4)  (24) 

F^(S)  =  (s+6) 
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so  lhat 

=  (Sj+Z)(s2+4Ms^^S2+6I.  (251 

By  substituting  Eq.  25  in  Eq.  20  and  expanding  by  partial  IraetionSi  we  obtain 

20(s.i-S  J 

Figure  XVl-5  depicts  the  Systein  whose  Second-Order  kernel  tranSfortn  is  given  by 
Eq.  26  • 

For  our  Second  exarnple,  we  desire  to  Synthesize  a  second-order  system  whose 
seGond-order  kernel  is 


r  -ax j-bT2 

e 


for  0  «  T|  <  cTg 
otherwise 


(27J: 


in  wMeh  a  >  Oij  b  >  0^  and  e  >  0.-  To  accomplish  this,  we  first  must  determine  the 
second-Order  kernel  transform,  Kginj^jSg). 


If  is  s  ^  C’"  A- 

K2(S  j,S2i  ^  J^  dT2  dx^e  e 


[b+S2][b+aq+eS  ^+§2! 


(28) 


We  note  that  for  e  4  l,  the  seeond-prder  kernel  transform  cannot  be  Synthesized  with 
a  finite  number  of  multipliers ,  This  can  be  Seen  by  assuming  that  the  denominator. 


Fig.  XVI-5.  Second-order  system  whose 
kernel  transform  iS  given  by 
Eq.  26. 


Fig.  XVI-6,  Second-order  system  whose 
kernel  is  given  by  Eq.  27  for 
c  =  i. 


Q^fSj.s^),  can  be  expressed  in  the  form  F^(S  j)  Fj^(s2)  by  following 

the  procedure  used  in  our  first  example,  we  have 
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Furthermore,  If  a  second-urder  kernel  transform  is  expressible  in  the  form  of  Eq;.  19* 
then  it  can  be  synthesized  by  means  of  N  multipliers . 


Illustration  of  the  Method  of  Synthesis 

We  Shall  illustrate,  by  means  of  two  examples,  a  proeedUre  by  whieh  this  synthesis 
Gan  be  aGeomplished. 

As  our  first  example,  we  desire  to  synthesize  the  foilowing  seoofld-order  kernel 
transform: 


s|s2  1*  4s|  +  i2S  jS2  +  S  jsl  +  *  12Sj  +  48 

i^S^  +  4Sj  +  IZSjSg  +  SjSg  +  2'S^  +  32s  j  +  2OS2  +  48 


(26) 


This  kernel  transform  Oan  b#  Synthesized  by  means  Of  a  fimte  number  of  multipliers , 
Thus  expressible  in  the  fOrm  Fj^(S  j)  F^jlS  j+Sg).  To  determine  these 

three  fuhetioni,  we  first  let  sj  =  0  and  s^  =  s*  Then  the  zeros  of  sre  the  zeros 

of  F^(tJ)  F^(b)  Fg(s),  Thus, 


F  -16)  Ft(B)  F  -  (s)  =  2s-  +  2Qs  +  48 
a  D  C 

=  2is+4)(S+6),  (21) 

SeGond,  let  S  ^  «  S  mid  s^.  =  0.  Then  the  zeros  of  Q2ik,h)  are  the  zeros  of 
F^(S)iFj^(0)F^(iS).  Thus, 

F^(s)  FyjfQ)  F^ts)  =  4s^  +  32s  +  48 


=  4{s+2)is+b),  (22) 

Third,  let  s^  =  s  and  S^  =  -S.  Then  the  zeros  of  ^^(S'"®)  zeros  of 

F^(s)  Fjj(-s)  F^(6).  Thus, 

Fa(s)  F|^(-s)  F^(0)  =  -6s^  +  l2a  +  48 

=  6(s+2)(-s+4).  (23) 

Hy  comparing  the  common  zeros  of  Eqs.  21-23,  we  note  that 
F^(S)  =  (s+2) 

F^fs)  =  (s+4) 

FJb)  =  (s+6) 
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so  that 

=  (Sj+2;)fc(Si2+4);tB  ^+82+6)1. 


{251 


By  substituting  Eq,  25  in  Eq.  2Q  and  expanding  by  partial  traGtionSi  we  obtai® 

20{Sj-f:S2> 

K2{Si'S2:>  ^  - 


Figure  XVi-5  depicts  the  systeni  whose  second-order  kernei  transform  is  given  by 
Eq.  26. 

For  our  second  exampie,  we  desire  to  synthesize  a  second-order  system  whose 
second-order  kernel  is 


f  -St  -br, 

e 


for  0  «  Tj  ^0^2 
Otherwise 


(27) 


in  which  a  S>  0,  b  >  0,^  and  e  >  0.  To  aecoimplish  this*  we  first  must  determine  the 
second-order  kernel  transform.  K2ts  J.S2). 


<»  '^Ti^bTA  "S.T.^SaTa 

dr-  \  ^  dt,  e  *  -  e  *  ^  ^ 

0  ^  ^ 


ib+S2][b+ae+es  j+s^] 


(28) 


We  note  that  for  c  #  1,  the  second-order  kernel  transform  cannot  be  synthesized  with 
a  finite  number  of  multipliers.  This  can  be  seen  by  assuming  that  the  denominator. 


Fig.  XVI-5,  Second-order  system  whose 
kernel  transform  is  given  by 
Eq,  26. 


Fig.  XVI-6.  Second-order  system  whose 
kernel  is  given  by  Eq.  27  for 
c  =  1. 


Q2(Si.S2).  can  be  expressed  in  the  form  F^(s  p  Fj^(s2)  F^(s^+S2)  .  Then,  by  following 
the  procedure  used  in  our  first  ek£miple>  we  have 
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OglSjOJ  ^  !b(b+ae+eB) 

Q^f^vs)  =  1tb+s)(;b+aG+s)  P9 

Q^J/Sj-s)  =  (b^s)(b+ae+es-s)4 

Fore#  1,  tteeEqs.  2'9  bsve  ho  GoinmOh  zeros  and  thus’  the  denomihator,,  Q^Is^jS^), 
eaiihot  be  expressed  in  the  fornix  as  given  by  Eq.  17 . 

However,  for  the  speeial  case  in  whioh  e  =  1,  we  have 

%'<  ®  1'®  2^  -  (p:spiWpH^)  •  < 

This  seGOnd-order  kernel  transforin  can  be  synthesized  as  shown  in  Fig.  XVl-6. 

4.  Systems  with  Higher  ^Order  Kernels 


We  now  note  that  our  results  for  seeond.-order  systems  oah  be  extended  dtreetly  to 
higher>i.Order  systems .  For  exanipiej  a  system  Oonsisting  of  only  two  mu;ltipiier;s  whose 
kernel  is  Gtearly  the  most  general  thirdi-order  hernel  that  can  be  Obtained  is  depicted 
in  Fig.  XVI^7.  The  third-order  transfer  funGtiOtt  of  this  system  is 


K^s^.s^.s^  =  K^{S^)  Ky(S2)K^(SjtS2) 


(31) 


Thus,  if  2N  muitipiiers  are  uSed  tO  synlhesize  a  third-order  transfer  funetion,  then  it 
must  be  of  the  form 


N 

2  %  (s^)  %  (s^)  isj+s^)  R^  (S3) 

K  (a  o  <5  X  -  . •-•■B . n .  n  ^  j . n  ,  n .  ,  ;  . 

-  F^fs F^s^)  F^(s ^ts^)  F^(S3)  F^CSi+s^+Sg) 


Furthermore,  if  a  third-order  transfer  function  is  expressible  in  the  form  Of 
Eq.  32,  then  it  Can  be  synthesized  by  means  of  2N  multipliers,  A  prpeedure 


Fig,  XVI-7.  The  most  general  third- 
order  kernel  with  only  two 
muitipiiers. 
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by  \(rhieb  this  can  be  accornplished  is  Similar  to  the  one  deseribed  for  the  syhthesis 
of  seeond'iorder  systems^ 

M.  Sehetzen 
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B.  MAXIMA  OF  THE  MEAN-SQtJARE  ERROR  IN  OpTHVRJM  NONLINEAR  N0- 
MEMORY  filters 

1 .  Introduction 

In  this  report  we  are  interested  in  the  probl'em  of  mean-square  filtering  for  the  class 
of  no-meinory  filters  Shown  in  Eig,  XVI-S  , 

We  consider  the  case 

x(t)  =  ihlt)  +  n'(t); 
z.(t)  =  m(t),, 

in  which  m(t),  the  message,  and  n(t),  the  hoise,  are  StatiStiGally  independent .  For  this 
ease  we  have  obtained  and  reported  previously^  a  relation  between  the  amplitude  proba” 
bi'Mty  density  of  the  input  and  the  eharacteristie  of  the  optimum  nonlinear  no-memory 
filter,  In  the  present  report  We  use  those  results  to  derive  a  simpie  expression  for  the 


INPUT  x(+) 


'.NONLINEAR 

NO-MEMORY 

FILTER 


OUTPUT  :y.(t). 


ERROR  e(T), 


DESIRED  OUTPUT  z(t) 


Fig,  XVI-a,  Filter  operation  eonsidered  in  this  report. 
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resulting  mean-square  error  in  the  cases  of  Poisson  noise  and  GausSian  noise  i 
In  the  case  Of  additive  G'auSSian  noisej  this  expression  involves  only  the  amplitude 
probability  density  of  the  input  and  its  first  derivative.  We  take  advantage  Of 
this  characteristic  to  find  the  message  probabiilty  density  'Gorresponding  to  the 
largest  mean-square  error  in  an  optimum  nonlinear  nO-memOry  filter  under  the 
constraint  that  the  average  message  power  be  eOnstant.  The  resulting  message 
probability  density  iS  GaUsSian. 


2.  Expression  for  the  Mean-SqUare  Error 

The  relation  between  the  probability  density  of  the  input  of  the  filter  and  the  charac¬ 
teristic  of  the  Optimum  nonlinear  no-memory  filter  which  We  obtained  iprevipusly  is 
repeated  here: 

fx--g(x)]  q(x)  =  J  q(Xj,)  f(x-x  dx^. 

Here,  q{x)  =  p  .  (x)  is  the  amplitude  probability  density  of  the  input,  g(x)  is  the  opti- 

'Ml  Til 

mum  nonlinear  tto-memory  filter  charaGteriStie  and 


t(x)  s  I  F(t)  e^^^  dt 


in  which  P^(t)  is  the  eharacteristie  function  for  the  noise.  Note  that  we  uSe  an  integral 
Sign  without  limits  to  indicate  integratipn  from  to  +«,  We  can  express  g(x)  in  terms 
of  q(x)  by  writing 


g(x) 


•’I  q(x^)  ffx^x^)  dX  j 
q(x) 


+  X. 


Whenever  f(x)  is  a  singularity  function,  this  relation  for  g(X)  leads  to  a  simple  expression 
for  the  mean-square  error  in  term^  of  q(x),  the  input  probability  density,  The  two  well- 
knpwn,  nontrivial  noise  eharacteristiGS  that  give  a  singularity  funGtion  for  f(x)  are 
Gaussian  noise  and  Poisson  noise.  We  Shall  use  the  following  expression  for  the  mean- 
square  error: 


#  -  m^  ^  J  g^(x)  q(x)  dx. 

in  which  m  is  the  mean-square  value  of  the  message.  This  expression,  is  obtained 
without  diffieulty  by  using  the  known  result  that  the  error  resulting  from  the  optimum 
mean-square  filter  is  uncprrelated  with  the  output  of  all  nonlinear  no-memory  filters 
with  the  same  input  . 
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a.  Poisson  Noise 


^  .--k 


P(x=R)  =  fj-  e 


P{t)  =  e 


henGe 


and 


i(x)  =  XuCx^aj:, 


q(x-i;) 


q(x-i); 


I 


Since 


and 


=  ^  A  H  +  X;i  q(x)  m 


=  -  j  q(x)  dx  +  2X  I*  xq(x-i)  dx  -  J 

j  xqtx-^l)  ^  I*  (X+i)q(x)  dx  =  m  +  X  +  1 


^  x^q(x)  dx  =  m'  +  X  +  X^  +  2  m  X, 


q^(x-i) 

q(xr 


'  dx 


then  we  have 


„  q^(x-r) 

=  X  +  X'  -  X  V  ^  dx. 


I  qtx) 

Equation  1  holds  whether  or  not  the  message  has,  zero  mean, 
b..  Gaussian  Noise 


/  2' 

p^(x)  exp  -^2 

^/Zw  O'  \  20- 


2^2’ 
o  t 


p^Ity  ^  expi-  — 


hence 


in 


QPR  No.  68 


132 


(XVL  STATISTIGAL  communication  THEORY) 


and 


f(x)  =  -a  Uj(x) 


2  q'(x) 


m 


C  f  2  q''<x)  1^ 

■  j  r  i 


Since 


J 


x^q(x)  dx  =  ni^  + 


and 


J*  xq'  (X;)  dx  = 


J  q(x)  dx  =  -I* 


then  we  have 


Z 
8r  ■ 


.4 


■O’ 


f  q'^(x) 

)  w  ^ 


m 


3.  Maxinijuin  of  the  Erpor  andef  Coiastfaintg  for  Additivo  Qaussiah  Noise 

Since  we  have  an  expression  for  the  ineanHsquare  error  solely  in  terlns  @f  the  input 
prOfeability  density,  We  Can  find  extrenaa  Of  the  error  under  constraint  by  the  method  of 
Calculus  of  variations.  We  shall  consider,  for  the  present,  a  power  Constraint  on  the  input. 

a.  Power  Constraint 

We  Consider  here  a  filtering  problem  Gharaeterized  by  additive  Gaussian  noise  of 
known  average  power,  We  consider  ail  possible  messages  of  fixed  average  power»  and 
in  each  ease  use  the  optimum  noniinear  no-memory  filter  in  the  mean^-square  sense  to 
separate  the  message  from  the  noise.  We  now  undertake  to  find  the  message  probability 
density  that  gives  an  extremum  of  the  mean-square  error.  Since  the  message  and  the 
noise  are  statistically  independent,  a  constraint  on  the  input  average  power  is  equivalent 
to  a  constraint  on  the  message  average  power,  and  we  write 

^  x^q(x)  dx  =  m^  + 
other  constraints  are 
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J  q!(  x  )  dx  =  1 

q(x)  ^  0  for  all  x 

We;  take  eare  of  the  last  constraint  fey  letting 

y^(x)  t^  q(x), 
and  we  have 


-  40* 


s 


y'-  (Xl  dx. 


m 


Because  q(X:)  is  the  result  of  convolving  a  Gaussian  .probability  density  with  the  message 
probability  density  p^ix),j  we  would  need  another  eOHStraint  on  q(x)  to  ensure  that 
is  positive.  HpWevers  this  constraint  cannot  be  hand:ied  analytiGaily,  and  we  shall  have 
to  select  among  the  solutions  obtained  for  q(x)  those  leading  to  an  aGceptable  probability 
density  i  In  terms  of  y(x),  using  the  Lagrange  multiplier  *  we  look  for  extrema  of 


j 


I 


y" 


>  2  2  2 
^•lA^xV+X^- 


in  which  and  urS  Lagrange  multipliers.  This  leads  to  the  followin|  Euler- 
■Lagrange  equation: 


y  "■  +  y 


Xix2+X2 


=  0, 


(4i 


We  have  obtained  here  the  Weber -Hermite  differential  equatidn.  Since  we  afe  looking 
for  solutions  that  are  square  integrahle.  we  have  the  boundary  conditions 

y  0  for  ]  xi]'  ^  op . 

2 

The  differential  equation  has  Splutions  that  satisfy  these  boundary  yalues  only  if  it  is 

in  the  form 


f  1 


C5) 


in  Which  n,  a  non-negative  integer,  is  the  eigenvalue  •  The  corresponding  solutions  or 
eigenfunctions  are  the  Hermite  functions 

y^(ul  =  D^(u)  ^  exp(-i^]: 

in  which  Hj^(v)  is  the  Hermite  polynomial. 
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.  2  -V 

^  A  /  ,  vn  V  d  e 

To  put  Eqii  4  in  the  form  of  Eq.  S,  we  let  x  =  cU,  in  whiGh  e  is  a  constant,  and  thus 
obtain  the  solution 


Here,  A,  an  arbitrary  constant,  appears  because  the  iinear  differential  equation  to  be 
satisfied  is  an  homogeneous  equationi.  The  solution  for  the  amplitude  prpbabilily  density 
of  the  input  becomes 


It  can  be  shown  that  the  mmimum  of  the  integral  /  y'  dx  that  appears  with  a  minus  sign 
in  the  expression  for  the  mean-square  error  (Eq.  3)  Gorresponds  to  the  eigenvalue  n  =  0. 
For  rt  =  0  we  have 

r  V 

q(x)  =  A  exp  -  ^ 

\2o  I 

whieh  is,  therefore,  the  amplitude  probability  of  the  input  giving  the  maximum  meah- 
square  error. 


We  satisfy  the  constraints  by  lettmg  A  ■  = 

/  \ 


_  2  2  2 

v  G,  and  c  =  0-  4  m  .  Therefore, 


q(x)  =  ^ 


1 


n/  EX 


/  2  ,  2 
y  cr  +  m 


expl"; 


2:(<r‘w^) 


The  probability  density  of  the  message  now  is 

/  2\ 


p  (X)  ■ 

V2F  m 


exp  1 *2 

m  \  ?m  y 


Hence,  when  the  noise  is  Caussian  and  additive,  and  the  message  has  a  fixed  average 
power,  the  maximum  mean-square  error  is  obtained  whenever  the  message  is  also 
Gaussian,  In  such  a  case,  the  optimum  np-memory  filter  reduces  to  an  attenuator  and 


#  = 


- dx  = 


q(x) 


2  /  2 
0-  +  m 


One  might  wonder  if  some  interpretation  can  be  given  in  the  context  to  higher -order 
eigenvalues  and  eigenfunctions  (n  =  1, 2,,  etc . )  wMch  correspond  to  stationary  values  of 
the  expression  for  mean-square  error. 
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-  2-  -  2  - 

H'Giwever:,  altliough  (q{>!£j=A  P^^‘x/e,),)ij  tlie  probabiltty  densily  of  fhe  input,  is  positive 
for  ail  Xj  tii'e  eorFesponding  message  prbbabitity  density  p  (x)  iS  not  strictly  positive 
for  n  >  0  (and  does  not  Correspond  to  a  physicai  situation. 

'MthOUgb  we  did  not  obtain  it  by  the  present  formuiationj  an  interesting  result  would 
be  to  find  out  whether  a  minimum  of  the  optimum  mean-sqUare  error  exists  under  the 
Same  eonstraints  It  is  possible  to  show  that  an  arbitrarily  small  error  can  be  acMeved 
unless  additional  constraints  are  usedi  Work  is  under  way  in  this  area. 

Vi  R.  Algazi 
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RESEARCH  OBJECTIVES 

The  researeh  of  this  grPUp  for  the  past  several  years  has  been  cGncerned  with  a 
number  of  basie  problems  aimed  at  extending  current  concepts  in  communication  theory . 
Theoretical  Concepts  are  being  deveiopedi  and  experimental  verification  is  being  sought 
for  Some  of  the  "  subjective  "  aspects  .gf  the  communication  prOblemi  In  general  termSi 
these  are  problems  that  are  routinely  solved  by  the  human  brain.  Without  in  any  way 
implying  ah  attempt  to  Understand  the  functioning  Of  the  brain,  the  research  seeks  to 
establish  expianations  for  some  of  these  subjective  effects.  The  theory  Of  symmetry 
has  been  used  as  a  basic  tool  in  establishing  orders  in  Certain  classes  of  subjectivity. 
Examples  of  the  kinds  of  problem  that  are  being  studied  are  the  Characterization  and 
transformation  of  style  in  music  and  paintings . 

M,  V.  Cerrillo 
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RESEARCH  OBJECTIVES 

This  group  Odhtinlies  its  ihveStigatipn  of  sources  that  generate  infOfmatiOtij  chahnels 
that  transmit  it,  and  machines  that  process  it. 

Work  is  continuing  On  the  processing  Of  pictures  by  means  Of  computers.  The  broad 
Objective  of  this  work  is  to  elucidate  the  fundamental  properties  of  vision  as  they  apply 
to  image  transmission  and  reproduction,  Among  the  more  speeifie  objectives  are  the 
design  of  efficient  image-transmission  systems,  and  the  deveiopment  of  devices  capaible 
of  performing  some  "human"  operations,  snch  as  noise  rednstion,  image  detection,  and 
quality  improvement. 

The  efficient  transmission  Of  speech  by  digital  means  is  also  receiving  Some  atten¬ 
tion,  The  objective  of  this  work  is  the  early  exploitation  for  Speech  eommuHication  of 
digital  transmission  systems  employing  encoding  and  decoding. 

During  the  past  year,  significant  new  results  have  been  obtained  ofi  the  properties 
of  sequential  encoding  and  decoding,  and  on  feedback  strategies  for  noisy  two-way  chan¬ 
nels.  Increased  emphasis  is  being  placed  on  the  exploitation  of  those  techniques  in  cOn.- 
junction  with  physical  channels,  and  on  the  design  of  the  necessary  encoding  a.nd  decoding 
equipment,  Plans  for  the  future  include  the  development  of  acoustic  dhannelS  Gapable 
of  simulating  multipath  and  scattering  phenomena  of  practical  interest,  and  of  encoding 
and  decoding  equipment  sufficiently  flexible  to  permit  experimentation  in  rom.  time  in 
eonjunction  "with  theSe  channels. 

An  effort  is  being  made  to  bring  into  sharper  focus  the  relation  between  the  newer 
encoding  techniques  and  older  modulation  schemes.  For  this  purpose,  the  behavior  near 
threshold  of  frequency  modulaticai  and  pulse-position  modulatien  are  being  investigated 
by  experimental,  as  well  as  analytical,  means, 

Work  continues,  also,  on  the  structural  eharacteristics  of  digital  machines.  A  prime 
objective  of  this  work  is  the  establishment  of  relations  among  the  reaction  time  of 
machine,  the  complexity  of  the  data  processing  to  be  performed,  the  number  of  storage 
elements,  and  the  speed  of  the  elementary  components. 

R,  M.  Fano,  D.  A,  Huffman,  W,  F-  Schreiber,  J.  M.  Wozeneraft 
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A.  PICTURE  Processing  ’ 

l.  A  STUOY  OF  THE  PICTURE -SAMPLING  PROCESS 

Every  picture  -trtosmitMiig  system  invSives  a  stage  in  whicli  aii  electf  ic  signal  is 
abstracted  from  a  source  images  and  a  stage  in  which  the  electric  signal  is  converted 
to  another  image.  The  first  of  the  above-mentioned  stages  may  be  thought  of  as  a 
sampling  processi  and  the  second  as  a  filtering  Operation. 

if  the  picture -transmitting  system  iS  One  that  sends  a  sequence  Of  signal  values 
(  sampled  data) ,  the  over  -all  system  may  be  modeled  as  the  block  diagram  shown  in 
Figi  XVIII -1.  While  this  block  diagram  is  nOt  a  good  description  Of  all  possible  image - 
transmission  Systems,  many  Systems  do  fit  our  model.  Note  that  the  input  function  is 
a  function  of  two  dimensions  (space)  if  the  picture  is  a  photograph,  and  of  two  spatial 
dimensions  and  time  for  a  real  image.  The  present  study  is  restticted  t.  still  pictures; 
thus  the  filters  and  functions  are  defined  On  two  variables  --  they  are  two  dimensional. 


VALUES 


Fig.  XVHI-L  Diagraffi  of  image  ^transmission  Systemi. 

The  purpose  of  this  study  is  to  investigate  the  effect  of  the  impulse  reBponses  of  the 
two  linear  filters  in  Fig.  XVIlIsl  on  the  quality  Of  the  transmitted  picture.  The  expeT" 
iments  will  be  performed  with  the  digital  television  equipment  built  by  our  group.  -  The 
filter  used  before  sampling  is  synthesized  by  defoeusing  the  Scanner  lens,  and  placing  a 
transparency  oh  the  lens-  The  impulse  response  of  such  an  optical  system,  is  just  the 
transmittance  distribution  of  the  transparency  on  the  lens.  The  linear  filter  that  con¬ 
verts  the  sample  values  into  the  final  picture  is  a  similar  cembination  of  defocused  lens 
and  transparency  in  the  recording  camera. 

O.  J.  Tretiak 
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2.  THE  mathematical  FOUNDATION  OF  THE  SYNTHETIC  HIGHS  SYSTEM 

The  Synthetic  Highs^  system  is  a  channel -capaeity  reduction  technique  that  is  useful 
for  efficient  coding  of  television  signals.  Figure  XVin-2  illustrates  the  logic  used,  and 
Figure  XVin-3  shows  waveforms  illustrating  the  underlying  principle.  Figure  XVIII -3a 
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Fig.  XVriI-2.  Diagram  ©f  Synthetie  Highs  system. 


is  ah  exemplary  video  signal.  The  low-frequehey  eomppneht  (Fig.  XVlIl-Sh)  is  trahs- 
mitted  conventionally.  The  edge  detector  is  essentially  a  differentiator,  giving  the 
output,  (Fig.  XVni-3c).  This  Signal  is  transmitted  by  some  form  of  rtin length  codihg» 
put  back  in  real  time  by  the  decoder,  and  applied  to  the  synthetic  highs  generator  (a 
linear  filter)  to  produce  the  waveform  (Fig.  3CVliI-3d).  This  waveform  is  added  to  the 
transmitted  lows  to  produce  the  Output  video. 


Fig.  XVnI^3.  Waveforms  Of  Synthetie  Highs  systemi 


It  has  always  been  evident  from  qualitative  eonsiderations  that  if  the  edge  detection 

(differentiation),  coding,  and  decoding  were  error -free,  then  a  lihear  filter  could  be 

found  to  generate  a  high-frequency  component  to  produce  a  video  output  identical  with 
'2 

the  input.  TMs  has  been  confirmed  by  experiment,  but  never  proved  mathematically. 
The  purpose  of  this  note  is  tO  present  a  proof  and  to  extend  the  theory  to  two-  and 
three-dimensional  coding- 

a>  One -dimensional  Case 

Consider  a  picture  whose  brightness  as  a  function  of  position  is  called  B(x).  If  the 
spatial  impulse  response  of  the  lowpass  filter  is  M(x),  and  the  output  of  the  edge 


QPR  No.  68 


141 


(XVIii.  PROCESSING  AiND  TRANSMISSION  OF  INFORMATIONI 


deteGtor  is  dB/dx,  then  we  have  the  problem  of  finding  a  filter  whose  impulse  response 
H(x)  satisfies  the  following  equation: 


H(X-x')  dx‘  =  B(x}  -  M(x«-x)  dx'.  (H 

Put  into  words*  the  edge  signal  dB/dx  is  applied  to  the  filter  H,  and  the  output  is  to  be 
the  high-frequenGy  eomponent  Of  the  original  video,  expressed  as  the  entire  signal  minus 
the  low-frequency  cornponent.  This  equation  is  solved  by  taking  transforms  Of  both  sides, 
sides.  Thus 


jto  b(uj)  h(aj  )  =  b(60i)  -  b'(w  )  mlw  ).  I?’), 

As  long  as  b(w)  /  0  , 

ju  h(u)  )  =  l  -  in  (u)  ).  f3)' 

Taking  inverse  transforms*  we  obtain 

±  U^(x)  M(X^  (^1 


H(X)  =  u^^ix)  ~ 


M(x»)  dx' 


whiGh  is  preGisely  the  result  that  was  Obtained  experimentaliyi 


(5) 


b.  Two  .-dimensional  Case 


Since  the  Gorrelation  between  vertically  disposed  picture  elements  is  fully  as  great 

as  that  between  horizontally  disposed  elements,  it  is  clear  that  increased  savings  are 

available  by  extending  the  technique  to  two  dimensions.  The  first  suocesSful  attempt 

3  - 

to  do  this  was  reported  by  a  member  of  our  group  recently.  In  his  work.  John  W.  Pan 
detected  both  horizontal  and  vertical  edges  and  transmitted  them  to  the  receiver  by 
fitting  a  series  of  straight  lines  to  the  outlines  of  objects  in  the  pieture.  The  high*, 
frequency  signal  was  synthesized  in  terms  of  either  a  vertical  or  horizontal  edge,  whieh~ 
ever  was  closer  to  the  fitted  line  Segment.  Artifacts  occurred  at  the  corners  of  objects 
and  along  contours  of  approximately  45°,  th®  former  being  partially  eliminated  by  a 
special  rounding"  routine- 

An  alternative  procedure  suggests  itself  in  connection  with  the  preceding  mathemat-^ 
ieal  derivation,  Suppose  that  we  use  a  system  very  similar  to  that  in  Fig,  XVIH-k,  but 
in  which  the  filters  are  two-dimensional,  the  edge  detector  is  a  contour  detector,  and 
the  runi-length  coder  is  some  form  of  contour  tracer  and  coder-  The  question  then 
arises  about  whether  there  is  a  two-dimensional  filter  into  which  one  can  put  data  on 
the  contours  of  an  image  (such  data  being  efficiently  codable)  and  out  of  which  one  might 
obtain  the  two -dimensional  high -frequency  component  of  the  image.  The  filter  should 
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be  invariabt  wftti  tbe  ilmage  so  that  all  possible  images  might  be  handled  mthout  irltrO- 
duci'ng  spvmiotis  ai^ifaGts  in  special  eases  such  aS  at  corners  of  objects^  It  has  been 
found  possible  to  solve  this  problem  if  the  gradient  Of  the  images  VB  is  used  aS  an  edge 
deteGior,,  and  if  the  filtef'  is  specified  by  its  veGtor  impulse  response. 

The  output  of  the  filter,  which  is  the  Scalar  high-frequency  cOmpdnent,  is  then 
defined  aS  the  dot  product  eOnvolution  Of  the  input  VB  and  the  response  H.  Thus  we 
have  a  reiation  analogous  to  (1)  to  define  H. 

VB;  ©  N  =  B  ^  B  ®  M,  (6) 

where  ®  is  the  conventional  scalar  convolution,  and  ©  is  the  dot  product  convolution. 
Taking,  the  transform  Of  both  SideSi  we  have 

btu)|  r  h(u)  =  fe(uj;)  ^  b(uj)m'(u))i  (7) 

For  b  /  0 , 

ju  ‘  h  =■:  1  -  m(u)  (8) 

which,  by  rule  ( A-5  )  in  the  Appendix*  can  now  be  retransfOrmed  iiitb  the  space  domain 
to  yield. 

(f)) 


We  solve  for  H,  by  integrating  throughout  the  circle  of  radius  r. 


p2m;pr  ^ 

f 

2  .m  p  f  .  ,  ^ 

h-  Zit  p 

V  V  V  ‘  m  t  d 
“';0;  *^0' 

Pd0  =  V 

\  [u_(r  )  "  M(r  )’i  r  dt! 

1  <^0  ■  ° 

de  =  1  -  ' 

i 

[,1 

M(r)  r  dr de 


(10) 


We  simplify  this  equation  by  as  suming  radial  syminetry  and  by  applying  the  diver  - 
gence  theorem  to  the  left.'^hand  side. 


H  •  n  r  d6  =  1  ”  2  m; 


r 


v/n 


i<(r)  rdr 


H  •  i?  2mr  =  1  -  2m  C  L(r  )  rdr 

^0 


(11) 


«  =  (IJ) 

This  general  result  indicates  that  it  is  possible  to  implement  the  syste®  of  Fig.  XVin-2 
in  two  dimensions,  The  reconstructed  picture  should  be  identical  to  the  original  if  the 
gradient  field  is;  transmitted  without  errorr  Previous  experience  with  the  tolerance  of 
human  vision  to  errors  caused  by  nonexact  gradient  transmission  in  one  diinension  indi¬ 
cate  that  quite  high  efficiency:  that  is,  more  than  ten -to -one  reduction  in  data  rate 
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should  be  possible  with  quite  small  quality  irr£pai#inent.  To  aohieve  thiSr  it  wUl  be 
hecessafy  to  fit  eufves  of  at  least  second  decree  to  the  deteeted  gradient  points,  so  that 
discontinuous  second  derivatives  of  the  outlines  may  be  avoided. 

G.  Three-Dimensional  Case 

The  relation  (9)  is  Valid  fOr  any  number  of  dimensions,  since  it  was  derived  in  vector 
form,  the  only  restriction  being  the  transformability  of  the  funetion  involved.  We  may 
thus  solve  for  H  in  three  dimension^,  assuming  radiad  symmetry. 


1 

t  V  •  H  dV  =  I  -  r  L(r)  dV, 
r  ^r 

(1^) 

where  \  dV  signifies  a  Volume  integral  within  the  sphere  of  radius  ■ 
"r 

the  divergence  theorem,  we  obtain 

r.  Again  using 

\  H  •  'S  dS  =  1  -  C  M(r)  dV 

'r  ‘^r 

(14) 

1 

i  •  t4irr^  #1  “  V  M(r)  dV 

jjj. 

-s  r  r  1 

(1$) 

(16) 

The  three-dimensional  situation  arises  when  we  deal  with  images  that  change  in 
time.  The  inptit  is  then  B(x,  y,  t).  From  our  analysis,  it  appeSfS  possible  to  recon¬ 
struct  B(x,  y,  t)  at  the  receiver  by  combining  a  low -frequency  component  (that  is, 
a  low -definition,  low  frame -rate  picture)  with  a  synthetic  highs  component..  The  last 
component  is  fo\md  from  the  dot  product  convolution  of  the  transmitted  gradient  and  a 
spatio-temporal  filter  H. 

To  economize  on  the  transmission  of  the  gradient  data,  presvimable  it  would 
be  possible  to  perform  a  contour -tracing  operation  and  then  transmit  a  few  par¬ 
ameters  of  the  contours,  in  this  Case,  the  ’^contours”  would  be  surfaces  rather 
than  curves. 

It  is  evident  that  the  restriction  to  radially  symmetrical  three-dimensional  filters 
means  that  the  errors  introduced  into  the  space  and  time  domains  of  the  moving  image 
which  are  due  to  quantizing  errors,  will  be  similar*  Since  the  spatial  and  temporal 
frequency  responses  of  human  vision,  as  deduced  from  threshold  measurements,  are 
similar  in  shape  (some  worker  believe  they  are  physiologically  related)  it  is  to  be 
expected  that  similar  distortions  will  be  similarly  acceptable. 
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APPEiroiX 

FOURIER  TRANSFORMS  IN  VECTOR  NOTATION 

I.  Intrbductien 

Using  bapiials  ib  represent  functlbns  in  the  space  dbmain  and  lower  case  letters  for 

their  cbrresponding  transforms,  we  have 

—  O  ,  A 
r  =  XI  +  73 

w  =  4- 

Hl[ri  =Tl(x.y)  =  + 

(DO  not  confuse  j  =  with  the  tuiit  vector  in  the  y  Or  direction^ ) 

We  define  the  two-dimensional  transform 

m(w)  =  yj'  M(r)  e”^“  *  ^  dA. 

Here<  dA  is  the  area  element  in  the  space  domain.  On  this  basis,  and  using  the  linearity 
properties  of  Fourier  transfbrmSi  we  have 

+  hj^($)3 

^  t  Jj  H^(r)  e^^  •  dA  +  f  jjHyir)  dA 


h(«)  =  JJad)  e"^'**  dA 

which  We  write 

h(i)  <=^  H(r ) 

(A-D 

hj^(W)<^  H^(r) 

(A--2) 

hy(S)«.Hy(r), 

(A-3) 

2.  Differential  Operators 

Since  h(K>)  =  rf  H(r)  e”^ "  ^  dA,  it  can  be  shown  for  reasonable  H's  that 


H(r) 


dR 

S? ' 


where  dQ  is  the  area  element  in  the  frequency  domain.  Thns 
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8H 


iis-r  dQ 

0<i»„h(w)  e-^  - - T 


SH 

~w 


i  w/— \  •  r  dSl^ 

y  (zifr 


Since  VH  we  have 


VH  = 


jCh(S  )  ei" '  ^ 

I2vr 


VH< 


►jMi 


IA-4) 


If  H  is  a  vector ,  so  that 


8H^ 

'hx‘  then  9^ 


•  j«j^h^j  and  so  on. 


_  9h 


8C 


Since  V  « 


X  X  y  y' 


V  ‘  H 

jw  ^  h  j 

(2v)‘ 


3.  GenVCltitiCns 


In  multidimensional  space,  we  can  thke  CCnvplutiens  among  VectCrs.  sCalars  Cr 
vectdi'S  and  scalafS.  It  is  of  interest  to  find  th#  equivalent  operation  in  the  frequency 
domain  to  these  various  convolutions  in  the  space  domain.  By  striot  analogy  with  the 
one -dimensional  use,  we  have 


P®  Q<^pq 

P'  ®  Q  pqj  where  ®  ^  scalar  convolution. 


Since  P  »  Q  =  Fx^x  '*■ 


P  O  Q 


'P^q* 


where  ®  =  Scalar  product  convolution. 


(A-6) 

(A^7) 

(A-8) 

W.  F.  Sehrieber 
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B.  Frequency -GOMPRESaLVE  feedback  systems 


1  i  Ihtr^u&tibn 

Ttife  main  purpose  of  this  researeh  project  is  to  extend  the  analysis  of  a  si^al- 
tracking  FM  system^  which  has  recently  been  applied  suCGeSsfUlly  in  space  cbmmun- 

icationi  A  system  with  a  frequency ^cbmpressive  feedback  lobp  arcund  the  frequency 

•2  ^  - 

demodulatbr  was  de^sed  as  early  as  1939.,  but  its  applicatibns  did  net  appear  until  the 
late  i950's,  and,  in  fact,  a  careful  analysis  was  net  begun  until  the  appearance  of  Enloe's 

3  ‘  ,  _  _  ... 

paper,  in  1962.  Enloe's  predictibn  of  the  second  threshold  in  the  clbsed  loop  seems  to 
be  qualitatively  correct:  the  purpose  of  the  present  research  is  to  prom^de  a  quantitative 
verification. 

m  order  to  e^dend  the  analysis  of  threshold  phenomena  in  FM  systems,  an  attempt 
has  been  made  to  develop  new  formulas  for  determining  the  input  and  output  signal  vto^ 
noise  ratios  at  the  "threshold  of  full  improvement*  '*  Thus,  we  seek  to  bridge  the  gap 
between  exact  anaiysis  (leading  to  complex  nondiSGUssible  expressions)  and  elementary 
approximations  with  limited  validity^ 

Our  final  aim  is  to  prescribe  the  synthesis  procedure  for  optimum  fm  reception 
filters  ^d  to  determine  the  power -bandwidth  "trade-off"  reiationSi 


2,  Threshold  in  the  conventional  System 

Threshold  in  an  FM  system  is  the  transition  region  between  linear  and  nonlinear 

input-output  behavior,  as  well  as  between  Gaussian  and  ncm-GauSsian  output  noise 

domains.  Early  progress  in  analyzing  the  FM  threshold  phenomena  has  been  achieved 

mainly  by  the  very  complex  computations  Of  Rice^’  ^  and  Stumpers.^  Rice's  results 
.  3 

were  exploited  by  Skinneri  who  produced  the  threshold  curves  of  the  conventional  FM 
System  with  ideal  filters  and  an  ideal  demodulator. 

3 

Scinner  's  plot  clearly  shows  that  the  carrier -to -noise  power  ratio  (CNR)  producing 

7  .  .  ^ 

the  threshold  (Of  full  improvement  )  depends  on  filter  bandwidths  and  can  hardly  be  con¬ 
sidered  constant.  The  widely  assumed  existence  of  a  fixed  threshold  CNR  leads  inev¬ 
itably  to  errors  of  approximately  5  db,  or  more. 

To  facilitate  the  analysis  of  the  real,  sliding  threshold,  we  propose  a  new  simple 
epq>ression: 


TF 


B 


LF 


whero  r^  is  the  demodulator  input  CNR  at  the  threshold  (in  the  if  band),  Bj^  is  the 
equivalent  two -sided  noise  bandwidth  of  the  predemodulator  filter,  and  Bj^p  is  the  equiv¬ 
alent  nOise  bandwidth  of  the  postdemodulator  filter. 

8 

Comparison  of  this  formula  with  the  Sdnner-Replogle  exact  threshold  Curves  shows 
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db 


Fig.  3CVin>^4i  Compariscin  g(  the  new  expnessitA  for  ^reshpld  eerier 

noise  power  ratio  in  the  baseband  with  the  Sidnner-ReplQgle 
exact  thresholdi  ciuwe. 


that  now  the  errors  do  not  exceed  t  db  in  tise  very  wide  range 


^IF_3 


30, 


(See  Fig,  xvni^4,) 

The  well-!established  expression  for  output  signal-to-i!noise  power  ratio  at  and  above 
the  threshold  of  full  improvement  is 

3  2 

R  =|-m‘r, 


where  both  the  input  GNR,  denoted  r.  suid  the  output  SNR,  denoted  R,  are  determined  in 
a  bandwidth  that  is  equal  to  die  baseband:  m  denotes  the  modulation  index  of  an  FM  sig^ 
nal.  Hence,  we  obtain  a  new  formula  for  SNR  at  threshold: 


Rj  =  |m^rt  s 
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Let  us  also  assume  that  the  if  filter  Of  nearly  rectangular  shai^  has  a  noise  band- 
Uridth  equal  to  the  approximate  bandwiddi  Of  the  FM  signal: 

where  f^  denotes  the  basebeuid  width  of  the  niaximum  modulatii^  frequency^  Then*  with 
the  postdemodulator  filter  also  matched  to  the  baseband  (B.  i7v=fw4 1*  we  obtaui 

Xu 

r^  »  4  (  1+m  )  ^ 

R^  «  6m^  (14-m)^* 


R;  db 


Fig.  XyiII-5,  Optimum  conyentimal  FM  systems. 
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This  set  of  simple  but  fairly  aecurate  formulas  can  be  used  to  analyze  qUahtitatively 
the  threshold  behavior  in  a  conventional  FM  System.  NOte«  fOr  instance,  that  if  the 
signal  power,  the  noise  power  spectral  densiiy,  and  the  baseband  remain  fixed,  there 
exists  a  tuniqUe  tninimum  value  Of  the  Signal  modulation  index 


which  will  yield  ttie  required  system  output  perlormance  R^  with  minimum  signal- 
bandwidth  consumption, 

Since  r^  and  R^  are  strictly  interrelated  in  an  optimal  fashion,  we  can  represent 
optimal  conventional  systems  by  a  single  locus  (Fig.  XVin-5) 

Each  point  on  the  locus  graph  corresponds  to  one  value  of  the  signal  characteristic 


Fig,  XVIlI-6,  Linearized  baseband  analog  for  a  frequency -compressive 
FM  system* 


Fig,  XVIU-7.  Block  diagram  for  a  frequency-compressive 
feedback  FM  system, 
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3.  ThreShsids  in  the  Frequehey-Compressive  Feedback  System 

in  order  to  ahalyze  the  threshold  behavior  iii  the  freqnency-conipresslve  feedback 

.  %  A 

loopi  we  adopt  Enioe's  reasonihg  and  results.  '  hi  particular,  the  fundamehtal  limi- 
tatiOh  in  exChangihg  power  and  bsuidwidth  is  believed  to  occur  because  Of  the  sO=called 
closed-ioop  feedback  thresholds 

When  using  the  iiriearized  baseband  analog  (Fig.  XViM-b)  Of  the  actual  systeiii 

'(Fig.  XVnl-7)  note  that  a  variety  of  feedback  filter  structures  is  possible ,  but  for  the 

if  filter  the  sMgle-pOle  bandpass  structure  is  irnposed  by  stability  requirements.  Enloe 

has  found  that  the  input  noise  in  quadrature  with  the  carrier  produces  angle  noise  inOd> 

ulation  of  the  variable  oscillator.  K  the  rms  phase  deviaticni  of  this  noise  modulation 

is  nO  longer  small  compared  with  unity*  a  new  (feedback)  threshold  occurs. 

As  a  measure  for  the  lodatimi  of  this  feedback  thresholdi  Enloe  Suggested  the  input 

carrier-tO-noise  ratio  p  in  the  closed-loop  noise  bandwidth  B , ,  and  evaluated  it  as 

c  c 


where  F  is  the  feedback  factor,  which  equali  the  frequency  deviation  cpinpression  ratip. 
Noise  bandwidth  B ,  must  be  defined  for  the  transfer  from  sign^  input  to  the  oseiliatsr 

V 

input  of  the  mixer  * 

The  last  formula  may  easily  be  translated  to  the  customary  baseband  width  and 
it  becomes 


This  threshold  CNR  can  now  be  directly  eompared  with  the  conventional  (sp-called  open<p 
loop)  timeshold  r^  that  occurs  in  the  usual  way  in  the  frequency  demoduiator,  preceded 
by  a  narrow-band  if  filter.  Since  both  thresholds  are  independent,  it  is  obvious  that 
maximum  system  sensitivity  occurs  with  p  =  r^.  This  condition  can  be  met  by  proper 
location  of  transfer  poles  around  the  feedback  loop. 

When  positioning  the  pole  pE  the  if  filter  the  compression  of  the  signal  modulation 
index,  which  is  now  m/F  m  the  if  path,  should  be  implemented.  Thanks  to  the  reduction 
of  nonlinear  distortion  in  the  feedback  loop,  it  is  no  longer  necessary  that  the  signal 
bandwidth  equal  the  filter  noise  bandwidth.  It  is  npw  sufficient  to  make  the  analog 
single-pole  filter  natural  frequency,  a/2if,  equal  to  the  if  signal -frequency  deviatipn, 
mf_/P,  Hence 

JL-  f 

2%  “  m  F 


and  with  the  if  filter  noise  bandwidth  Bjp  =  -y. 


we  find 
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IF 


m-i 


ir 


m 
F  • 


so  that  for  the  cohvehttOhat  threshold. 


a  id 


The  closed  4oop  noise  bandwidth  depends  for  the  most  paFt  on  the  Structure  and 

parameters  of  the  feedback  fitter.  With  certain  simple  Structure Si  however,  a  propor¬ 
tional  relation  Of  the  type  » 1  f^F  is  approximately  valid.  In  this  case  we  have 


P 


« to 


F 


To  fulfill  the  condition  of  maximtun  sensitivity. 


10 


(F^tf 

■"f 


p  =  r^»  we  then  require 


From  this  equation,  we  obtain  the  optimum  Signal  index 

for  a  most  sensitive  feedback  system  with  the  compression  ratio  F.  If  the  omput  per¬ 
formance  R^  is  presGribed,  there  is  then  no  cheiee  for  F  except 


and  algebraically  we  emi  find 


P 


5.  1 

1,97 


Now,  a  power  comparison  of  the  threshold  r^  of  a  conventional  FM  system  with  that  of 
a  feedback  system  (p)  is  straightforward.  Of  course,  equal  performance  of  both  sys 
terns  at  the  threshold  should  be  assumed: 


1  2 


3  2 

wm  p, 
-  F 


where  the  subscript  F  pertains  to  the  feedback  system.  Since  for  the  conventional  sys¬ 
tem,  then,  we  have 
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the  extension  of  threshold  amounts  to 


4  ,  --  - 

Assumingt  for  example  i  that  =  10  or  40  dht  we  Obtain  the  following  feedbaOk 

system  parameters. 


1  +  5.  1 


6. 1 


m^  =  5. 1  nCT  =  12.  6. 

■Opt 

The  power  saving,  in  OOtilparison  with  the  standard  gystem  If  j  then 


a  4.  5,  Or  6.  5  db. 

P 

Note  that  thare  is  actually  a  trade !>0ff  between  handwidth  and  power,  since  the  signal 
bandwidth  increases  proportionally  as  1  +  mp,.  This  leads  to 

1  +  mp,  1  +  (F-1)  -s/f 

Rg  “  1  +  m 


In  Our  example  >  it  amounts  to 


13  . 6 

Bg  -  ^.9  - 


1,97. 


that  is,  the  6,  5-db  power  savhig  will  require  a  97  per  cent  increase  in  spectrum  occu¬ 
pancy.  It  is,  howeyer,  not  the  best  trade-off  obtainable  with  an  optimally  designed  feed¬ 
back  filter. 


4,  Optimization  of  the  Feedback  Loop 

For  the  feedback  loop  to  be  stable  and  to  have  finite  noise  bandwidthi  it  is  necessary 
to  interrelate  the  number  of  poles  and  hie  number  of  zeros  in  the  open-loop  transfer 
functimi.  Two  choices  are  possible:  the  number  of  poles  exceeds  the  number  of  zeros 
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by  1  (tMs  gives  a  better  stability  margiri),  or  the  riufilber  of  poles  exceeds  the  hvimber 
of  zeros  by  2  (this  is  still  stable^  altheugh  with  a  smaller  marginli 

Ptacticai  tests  have  shown  that  three  poles  in  the  open  loop,  excluding  the  chain  of 
broadband  if  amplifiers,  is  the  upper  limit.  It  is  Imown,  also,  that  only  one  pole  is 
Allowed  in  the  naFrOW^band  if  filter  for  Stability  reasons ,  Therefore  one  need  OiRy 
consider  the  following  structures  for  the  feedback  filter:  Ip;  Ip  and  Iz;  2p  and  Iz;  2p 
and  2Z. 

In  this  list,  the  class  with  one  zero  can  be  subdiv^ided  into  two  groups:  the  zero  can¬ 
cels  the  if  filter  pole,  and  the  zero  does  not  cancel  the  if  filter  pole.  The  latter  will 
Subsequently  be  called  a  stabilizing  r  Cfo.  It  is  obvious  that  in  the  "2p  and  2z"  filterj 
one  zero  is  of  the  cancelling  type  and  the  other  of  the  stabilizing  type. 

The  main  requirements  for  the  optimum  feedback  loop  synthesis  are:  (;a)  open- loop 
transfer  functiOH  shoidd  be  reasonably  uniform  over  the  baseband  (in  order  to  have  the 
if  frequency  deviatioH  compressed  for  all  modulation  frequencies):  and  (b)  closed-loop 
noise  bandwidth  should  be  minimized  by  a  yUdiCioUS  choice  Of  the  feedback  filter  struc- 
tUFO  and  of  the  location  Of  its  Stabilizing  Zero. 

It  is  important  to  note  again  that  the  closed!- loop  transfer  and  bandwidth  are  defmed 
between  the  two  inputs  Of  the  mixer  (Fig.  XVHl-7).  The  clpsed-loop  transfer  function 
H  (s)  is  uniquely  determined  by  the  ©pen-plopp  transfer  lunction  H.(s)i 

Q  Q 


«c<S) 


1 +  Hjsr 


The  definition  Of  the  closed- loop  noise  bandwidth  that  has  been  adopted  is 


fit  2 


I 


jv? 


H^(S)  H^(^S)  ds 


and  the  integration  can  easily  be  performed  for  rational  transfer  functions." 

In  particular,  the  open-loop  transfer  function  of  the  highest  permitted  order  has 
the  form 


H  (s)  = 
0 


s  +  a 


b 

S  +  b 


(F-1), 


which  directly  eOrresponds  to  the  most  general  "2p  and  2z'^  case,  and  also  to  the 
"Ip  and  Iz"  (stabilizing)  case.  Then  the  closed-loop  transfer  fiinction  is 


ab(F-l)(s+c)/e 
s^  +  [a+b+abCF-D/c]  s  +  abF 


and  the  clpsed-loop  noise  bandwidth  can  be  shown  to  be 
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g  _  abF  ^  _ +  abF 

G  Z^a+b)  ^  al3cIF-l)/(a+b) 

It  is  now  posSibie  to  prove  that  there  is  only  one  ehdiee  of  value  for  c  to  mini¬ 
mize  B„: 
c 


^opt  ^  F^l  [ta+b)+y  iaW)+ah<F+l/F)|. 

After  iediouS  algebraic  manipulations «  we  obtain  the  minimum  noise  bandwidth  of  the 
elOsed-lOop  with  an  optimum  stabirizing  zero 


abF 


min 


abF 


+  b  + 


a^  +  b^  +  ab 


This  is  a  quite  general  result  of  considerable  interest  for  the  system  design^ 

In  the  apparently  best  "Zp  and  Zz"  class  Pf  feedback  filters>  there  are  two  special 
cases  of  particularly  advantageous  performance ^  The  following  simple  expressions 
hold  true  for  the  binomial  filter  with  two  cascaded  real  poles,  a  =  b, 


b  ^  ■  B  =  b  . f»/f 

%in  (I+nTF)^ 


For  the  Butterworth  filter,  with  two  conjugate  poles,  we  denote 


a  = 


(1+3) 


b  =  ^(1^3)  =  -aj 


and  it  follows  that 


'opt 


0T  fe+  /^fT|) 


mm 


AF>Jf 

v^F^  +  1  +  -/If 


Other  possible  filter  structures  have  been  catalogued  during  this  work  together  with 
their  noise  bandwidths-  The  determination  of  the  feedback-filter  parameters  with 
regard  to  the  baseband  width  will  be  the  subject  of  further  study, 

In  order  to  prepare  an  orientation  for  the  expected  results,  we  shall  continue  with 
the  example  given  above  for  the  optimum  B.utterworth  filter,  If  we  assume  that  half- 
power  bandwidth  of  the  open-loop  transfer  function  coincides  with  the  highest  modUla'- 
tion  frequency  fj^.  we  must  set  A  -  2irf^>  Oonsequently. 
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mm , 


2irF 


m 


F+^+s/r 


and 


10Tf(F-l)^/F 


=  P  = 


Fui^heimdfai  it  can  be  found  that 

.4 


«t  = 


i50(F-ir 


Solving  this  for  F,  with  R^  s  10  -  as  before^  we  obtain 


Wherefrom 


m* 


sl3.2  ahd  ps38i0. 


■opt 

Finally,  the  power  saving  is  evaluated  as  7  db  at  the  expense  of  a  106  per  cent 
increase  in  signal  bandwidth.  Note  that  the  efficiency  of  power^bandwidth  exchange 
remains  virtually  untdfeGted  by  the  optunization  of  the  feedback  fRter. 


5.  Direction  of  Further  Study 

After  the  final  choice  of  the  best  filter  structure,  the  design  procedure  for  the  feed¬ 
back  filter  wid  be  formulated.  Then  the  optimization  problem  of  the  feedback  system 
will  be  resolved.  The  analytic^  results  will  be  summarized  in  a  general  chart  in  which 
the  optimum  system  parameters  mp,  F  will  be  indicated,  as  well  as  the  system  perfor*' 
mance  at  threshold  in  terms  of  r^  and  R^.  The  expected  threshold  extension  will  sdso  be 
obtainable  from  the  chart. 

Preliminary  measurements  have  resulted  in  qualitative  agreement  with  the  analysis. 
The  principal  analytical  conclusions  will  undergo  a  comprehensive  experiment^  verlfi'^ 
cation, 

The  author  gratefully  acknowledges  the  aid  and  encouragement  of  Professor  John  M. 
Wozencraft.  Many  helpful  suggestions  from  Professor  L.  A.  Gould  and  Professor 
E.  M.  Hofstetter  are  also  appreciated.  This  part  of  the  research  project  was  per¬ 
formed  while  the  author  was  working  under  a  Ford  Foundation  Postdoctoral  Fellowship, 

A,  Wojnar 
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Ei  Sumerland 

RESEARCH  OBJECTIVES 

Ilie  ipurpose  of  our  work  is  to  investigate  ways  of  making  machines  Solve  problems 
that  are  usually  considered  to  require  intelligence.  Our  procedure  is  to  attack  the  prob¬ 
lems  by  programming  a  computer  to  deal  directly  with  the  necessary  abstractions,  rather 
than  by  simulating  hypothetical  physioiogicai  structures .  When  a  method  for  solving  a 
problem  is  not  known,  searches  over  spaces  of  potential  solutions  of  the  problem,  or  of 
parts  of  the  problem,  are  necessary,  me  space  Of  potential  solutions  Of  interesting 

1**3 

problems  is  ordinarily  SO  enormous  that  it  is  nOCessary  to  devise  heuristic  mehiOds 
to  replace  the  searching  of  this  space  by  a  hierarchy  of  searches  over  simpler  spaces . 
me  major  difficulty,  at  present,  is  the  excessive  length  of  time  required  for  building 
machmery  or  even  for  writing  programs  to  test  heuristic  procedures.  For  this  reason, 
a  major  part  of  our  effort  is  going  into  the  development  of  ways  of  communicating  with 
a  computer  more  effectively  than  we  can  now  communicate.  This  work  has  two  aspects: 
development  of  a  system  for  instructing  the  computer  in  declarative,  as  well  as  impera- 

4  - 

tive,  sentences,  called  the  advice-taker,  and  development  of  a  progranaming  language 

called  LISP  for  manipulating  symbolic  expressions  that  will  be  used  for  programming 

8 

the  advice -taker  System  and  will  also  be  of  more  general  use,  We  are  embarking  on  a 
major  effort  to  integrate  this  work  into  the  new  M.l.  T.  bme-shared  real-time  computer 
system. 

Maintenance  and  further  development  of  LISP  will  be  continued  by  Professor 
3.  McCarthy,  who  is  now  at  Stanford  University.  We  plan  to  continue  close  association 
with  his  group. 

It  is  our  belief  that  the  field  of  artificial  intelligence  is  limited  only  by  the  amount 
of  qualified  effort  that  can  be  put  into  it,  and  by  the  machine  limitations  that  still  prohibit 
more  ambitious  experiments .  Our  group  is  working  m  the  following  areas . 

1  •  Differential  Equations  Solyed  by  Symbolic  Methods 

Dr.  j,  Slagle  has  completed  his  prograni,  SAINT,  for  "first -year  calculus"  and  is 
working  on  more  powerful  methods  for  symbolic  solution  of  ordinary  differential 
equations , 

Z,  Resource  Allocation  Heuristics 


B.  Bloom,  P.  J.  Edwards,  and  others  are  working  on  the  problems  of  conflicting 
goals  mat  arise  in  the  chess  problem,  T,  P.  Hart  is  working  On  related  problems  in 
me  more  tractable  game  of  imiah.  Thesis  students  have  been  assigned  problems  in 
Working  out  techniques  fur  other  games. 


♦ 

This  work  is  supported  in  part  by  me  National  Science  Foundation  (Grant  G- 16526); 
in  part  by  the  National  institutes  of  Heaim  (Grant  MH-04737-G2);  and  in  part  by  the  Gom- 
putation  Center ,  M .  I  •  T . 

^Several  members  of  this  group,  working  at  the  Computation  Center,  are  not  members 
of  the  Research  Laboratory  of  Electronics:  Prof,  H,  Rogers,  Jr,  (Department  of  Mame- 
matics,  M,1,T.),  Dr,  0.  G,  Selfridge  (Lincoln  Laboratory,  M,I.T,),  Dr.  J,  Slagle 
(I4nc0in  Laboratory,  M.i'T:.),  and  me  following  graduate  students:  B>  Bloom,  T.  Evans, 
T,  Jones,  D,  M.  R.  Park,  B.  Raphael,  W,  Teitelman. 


QPR  No.  68 


159 


(XIX.  ARTIFICIAL  INTELLIGENGE) 


3i  Pattern  Recogfiit^jqii  other  Problems  in  Visual  LnagSs 

Prbfessor  Minsky  and  Dr .  Selfridge  are  wbrking  ou  the  general  thebry;  the  results 
will  appear  in  a  series  of  psperSi  two  of  which  are  completed.  T.  Evans  has  almost 
completed  his  study  of  pictorial -verbal  analogies,  which  Win  appear  in  his  doctoral 
thesis.  I.  E.  Sutherland  has  completed  his  superh  ''Sketchpad"  picture-description  sys¬ 
tem.  which  Will  appear  in  his  dissertation.  D.  J.  Edwards  and  M.  Minsky  have  started 
a  study  Of  relative  merits  of  Bayes  and  matchedafilter  approximations  for  recognition. 
We  are  heginning  work  on  programmed  description  of  motion  andanimation  .  L.  0^  Roberts 
is  exploring  problems  in  description  of  three-dimensional  forms. 

4.  Heuristic  Reasoning  about  Bodies  of  Verbal  Description  Data 


Work  on  systems  related  to  the  advice-taker  is  finally  becoming  concretely  realized. 
T.  Jones  and  M.  Minsky  are  running  preiiminary  versions  of  sui  advice-taker  sy^stem. 
ji  Slagle's  differential  a  equations  system  will  also  be  designed  along  these  lines. 

B.  Raphael  is  working  on  related  systems  eotteerned  with  interpreting  language  state¬ 
ments  relevant  to  the  state  of  an  internal  pictorial  model.  D.  G.  Bobrow  is  concerned 
with  detailed  interpretation  of  ordinary  language  statements  concerning  a  mathematical 
domain:  "word-problems"  in  a  system  for  High  School  algebra. 

$.  MathematicaL  Aids  .and  jMedels 

Pi  W.  Abrahams  is  completing  his  dissertation  research  on  a  symbolic  proof- 
checking  System.  Which  expands  relatively  informal  meta-statements  about  theorem 
proofs  into  detailed  applications  of  the  rules  of  inference  from  assorted  logical  subsys¬ 
tems.  thereby  providing  a  mechanizatipn  of  the  expression  "the  reader  will  easily  verify." 
P,  G<  Luckhain  ig  working  on  a  theory  of  program  equivalence  and  simplilicatioh. 

M.  Minsky  is  completing  a  book  on  computer-oriented  theory  of  recursive  functions, 
Turing  machines,  and  Post  Systems  . 

MechaniGSl  Hand 

H.  Ernst's  work  on  Ms  TX-O  mechanical  hand  was  completed  a  year  ago,  and  we 
are  planning  to  continue  such  work,  Ihis  time,  in  association  With  die  M*  I.  T.  time¬ 
sharing  system.  We  hope  also  to  work  toward  a  computer -operated  micromanipulatiQn 
system  under  computer -sensed  visual  control. 

7,  Neural  Nets 

M.  L,  Minsky  and  Q.  G.  Selfridge  are  working  on  theories  of  neural  nets.  They  have 
completed  an  analysis  of  certain  synaptic  learning  processes  in  loop-free  nets,  and  plan 
to  study  the  formation  of  certain  kinds  of  asseinblies  in  nets  with  cycles . 

8.  Time  Sharing  and  the  Mathematical  Laboratory 

We  have  an  ambitious  design  for  a  laboratory  in  which  mathematicians  and  physicists 
can  apply  new  techniques  for  solving  problems  involving  equations  that  are  impractically 
cumbersome  for  hand-manipulation  by  ordinary  mathematical  techniques .  What  is  needed 
is  a  control  language  for  descrihing  and  executing  the  processes  ordinarily  carried  out 
by  a  working  research  mathematician,  implemented  by  a  heuristic  program  •  TMs  system 
as  now  envisioned  woMd  be  a  new  national  research  facility,  for  visits  by  scientists 
with  appropriate  problems .  It  is  awaiting  the  development  of  a  control  language  that 
involves  new  man-macMne  interaction  problems,  for  the  appropriate  time..shared  visual 
consoles  that  are  necessary . 

M.  L.  Minsky 
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RESEARCH  OBJECTIVES 

The  objectives  of  OUf  work  are  to  further  our  uriderstandihg  of:  (a)  the  process 
whereby  human  listeners  decode  an  acoustic  Speech  Signal  into  a  sequence  of  discrete 
linguistic  Symbols  Such  as  phonerneSil  and  (b)  the  process  whereby  human  talkers  encode 
a  Sequence  ef  discrete  linguistic  symbois  into  an  acoustic  signal. 

Current  research  activities  related  to  these  objectives  include  experiments  on  the 
generation  of  speech  by  eiectrical  analog  speech  synthesizers,  development  of  means 
for  controlling  analog  speech  synthesizers  by  a  digital  computer,  measurements  of 
movements  of  the  speech-generatiag  structures  during  speech  produetionj  studies  of 
methods  of  speech  analysis,  accumulation  of  date  on  the  acoustic  GharacteriSticS  of 
utterances  corresponding  to  phonemes  in  various  linguistic  contexts,  and  studies  of  the 
perGeption  of  spoechiike  sounds. 

K.  N.  Stevens,  A.  House,  M.  Haile 

A-  A  GOIdPUTER  program  FOR  GONTRORLING  THE  dynamig  VOGAL^TRAGT 

ANALOG  (PAVO) 

A  program  for  the  TX-0  Computer  has  been  prepared  to  allow  Heidble  operation  Of 

the  dynamic  analog  speech  synthesizer  constructed  by  RoSen.  ^  The  development  of  this 

2  -  - 

control  progFam  has  been  the  subject  of  a  Master  of  science  thesis-  The  objective  of 
this  work  is  to  replace  the  control  system  originally  incorporated  into  PAVO  by  a  more 
Versatile  one  involving  the  TX-^0  computer  and  interconnection  equipment  consisting 

3 

mainly  of  digital -to -^analog  converters. 

Gontrol  of  the  vocal  ^tract  analog  is  accomplished  through  24  analog  voltages  that 
specify  cross-section  area  as  a  function  of  distance  along  the  tract,  and  3  voltages 
that  control  amplitude  of  buzz  and  noise  excitation,  and  coupling  between  the  oral  tract 
and  an  analog  of  the  nassd  cavity.  Voicing  frequency  is  controlled  through  the  timing 
of  glottal  pulses  supplied  to  the  voctd -tract  model.  The  original  control  system  for 
pAVO  employed  trapezoidal  waveform  generators  as  sources  for  the  control  voltages, 
and  was  limited  to  essentially  monosyllabic  iterances  without  resort  to  tape -splicing. 

In  using  the  control  program  to  operate  DAVQ,  a  number  of  control  signals  are 
specified  as  sequences  of  piecewise  quadratic  segments.  The  control  voltages  for  the 
vocal  ..'tract  area  function  are  represented  as  a  linear  combination  of  up  to  three  area 
functions  selected  from  a  library  of  vocal-tract  configurations.  The  coefficients  of  the 
linear  combination  are  provided  by  control  signals.  One  control  signal  is  used  within 


This  research  was  supported  in  part  by  the  U.  S,  Air  Force  (Electronic  Systems 
Division)  under  Contract  AF  19(604)-6102;  in  part  by  the  Nationai  Science  Foundation 
(Grant  G'^  1652  6);  and  in  part  by  the  National  Institutes  of  Health  (Grant  MH- 047 37 -02). 
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the  program  to  geiierate  glottal  pulses  at  a  Gorrespondihg  rate,  and  three  others  become 
control  voltages  for  excita.tion  and  nasal  coi^ling.  The  input  to  the  control  program  is 
a  time  -ordered  list  containing  the  parameters  of  each  quadratic  controlwsignat  segment, 
the  assignment  Of  configurations  from  the  library,  and  other  functions.  The  input  list 
is  processed  by  the  control  program,  and  gives  a  series  of  digital  samples  representing 
the  motion  Of  the  control  voltages  with  time.  The  Samples  are  stored,  then  read  out 
later  to  perform  the  Synthesis  in  real  time.  The  size  of  the  magnetic  core  memory 
in  the  TX-O  computer  limits  the  length  of  an  utterance  to  approximately  1  seC;  how¬ 
ever,  this  will  be  greatly  extended  through  the  use  of  the  distal  tape  Unit  that  is  ttOw 
available,  initial  experiments  with  the  program  show  that  the  processing  time  is 
approximately  5b  times  real  time  when  the  samples  are  computed  at  i^-msec  intervals: 
When  the  interval  is  increased  to  6  msec,  the  processing -to -real-time  ratio  is 
improved,  and  is  25  times.  New  instructions  added  to  the  TX-o  computer  and  some 
improvements  in  the  program  might  possibly  reduce  the  rmio  to  lb. 

The  internal  structure  of  the  program  has  been  designed  so  that  changes  and 
additions  to  its  function  can  be  easily  accomplished,  it  should  be  pointed  out  that  the 
program  will  not  become  really  Useful  for  general  speech-synthesis  work  until  a  com¬ 
piler  is  available  to  simplify  the  preparation  of  input  lists  and  make  on-line  changes 
in  the  utterance  conveniently  possible.  Such  a  compiler  is  now  being  developed, 

The  control  program  also  employs  stored  correction  curves  to  correct  for  irregu¬ 
larities  in  the  characteristics  of  some  components  of  the  analog.  At  present,  a  method 
of  automatically  calibrating  the  vocal -tract  analog  iS  bemg  investigated.  This  involves 
obtaining  the  Correction  curves  through  the  observation  of  available  variables  in  the 
system,  and  without  having  to  dismantle  or  isolate  any  of  its  parts. 

j,  R.  Sussex,  J,  B.  Dennis 
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B,  A  TRANSISTORIZED  ARTICULATORY  SPEECH  SYNTHESIZER 

Work  is  progressing  on  the  design  of  an  improved  dynamic  analog  of  the  vocal  organs 
to  replace  the  vacuum  tube  analog  (DAVO)  constructed  by  Rosen.  ^ 

Like  Rosen's  device,  the  new  analog  will  represent  the  acoustical  system  of  the 
vocal  tract  as  a  lumped-element  transmission  line  in  the  electrical  domain.  The  theory 
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2^3  _  ^  -  -  4 

of  such  analogs  is  tpeated  by  KasGwski,  Fanti  and  Stevens,  KasowSki,  and  Fanti 

ESsentiallyj  the  vOcal  traGt  Is  considered  a  cascade  Of  Cylindrical  segments  of 
cornffioh  length  but  variable  areas .  In  the  electrical  SySteraj  in  which  voltage  is 
analogous  to  ipressurej  and  current  to  acOustiC  volunae  velocity,  each  segment  is 
represented  by  a  series  inductance  and  a  shunt  capacitance,  and  a  cascade  of  such 
sections  forms  an  artificial  line  (Fig.  XX- 1).  It  can  be  shown  that 

and  l  =  c(LC)^^^,  (11 

where  A  is  the  area  of  the  section,  1  its  length,  p  the  density  of  air,  c  the  sound 
speed,  and  k  an  arbitrary  Constant  of  the  transmission  line,  depending  upon  the 
choice  of  units  and  the  impedance  level. 


SECTION  1  SECTION  2  SECTION  3 
ARTIFICIAL  LINE 

Fig.  XX- 1.  Electrical  analog  of  a  short  lossless  tube. 


4 

In  the  static  analog  of  Stevens.  Kasowski,  auid  Fant,  each  inductance  and  capaci¬ 
tance  was  set  manually  and  could  not  be  changed  during  the  course  of  an  utterance.  In 
Rosen's  device,  each  L  and  C  is  electrically  controlled  by  an  elaborate  timing  sys¬ 
tem,  and  it  thus  can  be  used  to  synthesize  speech  sounds  and  transitions  that  depend 
upon  a  gross  motion  of  the  articulatory  mechanism  for  their  performance. 

In  the  existing  DA  VO,  the  tract  configuration  represented  by  the  analog  is  controlled 
by  a  set  of  analog  voltages  supplied  to  each  LG  section  by  a  potentiometer  matrix  that 
must  be  set  by  the  operator.  In  each  section,  the  product  of  L  and  C  is  constrained 
to  be  constant  and  independent  of  the  area  represented,  thus  keeping  the  section  length 
invariant  (by  Eq.  1).  Recent  attempts  to  control  DAVO  from  the  TX-O  computer  have 
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Fig.  XXL-Zi  Proposed  so^l&g  section. 

demonstrated  that  the  present  device  is  poOrly  suited  to  digital  control.  The  instability 
Of  the  vacuum  tube  cireuitry  employed  and  the  analog  nature  Of  the  control  system  have 
caused  great  difficuity. 

The  new  analog  will  be  completely  transistorized  and  designed  for  operation  by  a 
digital  computer*  Hence  the  control  signals  will  be  in  digital  form*  'I'be  LC  constraint 
can  then  be  included  in  the  computer  program  or  discarded  to  allow  small  changes  in 
the  tract  length  during  phOnation.  This  eliminates  from  the  system  a  complex  piece 
of  hardware,  which  m  Rosen's  PAVO  serves  aS  a  frequent  source  of  trouble  in  Cali," 
bration  and  maintenance. 

Hut  the  greatest  difference  between  the  existing  PAVO  and  that  which  is  proposed 
here  is  the  very  manner  in  which  the  inductance  and  capacitance  are  obtained.  For 
the  former,  Rosen  uses  a  saturable  reactor;  for  the  latter,  the  input  impedance  of  a 
variable-? gain  Miller  amplifier  ???  in  both  cases  a  physical  element,  hi  the  proposed 
design  (Fig,  XX- 2),  each  section  is  constructed  as  a  self-contained  ansdog  computer 
that  receives  as  inputs  two  signal  voltages  representing  the  volume  velocity  at  the  input 
of  the  section  and  the  pressure  at  the  input  of  the  next  section.  It  performs  on  these 
the  mathematical  operations  associated  with  a  series  inductance  and  shunt  capacitanice 
and  delivers  two  output  voltages,  again  representing  pressure  and  volume  velocity,  to 
be  used  as  inputs  by  the  adjoinmg  sections  in  which  the  process  is  repeated.  As  shown 
in  Fig,  XX-2,  both  integrations  required  are  performed  by  simple  RC  circuits  following 
differential  amplifiers,  Thus, 


L  R.Cj 
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Here,  l/L'  suid  l/C  represent  two  step  attenuators,  contf  oiled  by  digital  signals  and 
capable  Of  attenuating  from  1  db  to  64  db  in  Steps  of  1  db.  The  degree  of  attenuation 
effectively  varies  the  value  of  L  and  e  and  thus  sets  the  desired  area  for  the  section. 
This  area  will  be  variable  over  a  range  is-Oidi  sq  cin,  and  a  complete  closiire  of  the 
tract  will  be  available  for  the  first  time. 

It  is  also  possible  to  implement  this  approach  with  Hd  differentiating  circuits  in 
the  loop.  This  approach  has  the  advantage  of  requiring  a  much  Smaller  gain  A  fOr  the 
differential  amplifiers,  but  leads  to  stability  problems.  EsqierimentS  have  been  con¬ 
ducted  with  both  circuLts,  but  still  no  decision  has  emerged  as  to  which  will  prevail. 

The  design  and  successful  testing  of  the  digital  attenuators,  differential  amplifiers, 
and  simplified  models  of  a  single  section  have  been  completed.  At  present,  a  detailed 
study  is  being  carried  through  to  determine  how  the  effects  of  acoustical  losses  Should 
be  accoiuited  for  in  the  system,  it  appears  at  this  stage  that  the  nonideal  integration 
(Or  differentiation)  of  the  He  circuits  introduces  damping  that  closely  approximates  the 
acoustical  situation:  that  is,  that  the  exact  equations  of  the  analog  of  Fig.  XX~2  are 
practically  identical  with  those  of  an  HLc  circuit  with  a  Q  of  approximately  zO. 

Gonsiderabie  work  must  be  expended  in  several  areas  to  complete  the  project. 
First,  an  analytical  study  must  be  made  Of  the  Section  design  and  a  Cascade  of  such 
sections  to  determine  the  nature  and  e^ent  of  errors  arising  in  this  approximation  of 
the  vocal  tract,  Also,  the  details  of  combining  the  hardware  components  into  a  com¬ 
pact  and  stable  system  have  not  been  settled,  and  no  Gonsideration  whatever  has  been 
given  to  the  representation  of  the  glottal  source  and  radiation  impedance  at  the  lips. 

E,  G,  Whitman 
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C.  eOMPUTER  CONTROL  OF  A  TERMINAL  ANALOG  SPEECH  SYNTHESIZER 


A  system  has  been  developed  for  the  control  of  a  terminal  analog  (or  resonance) 
type  of  speech  synthesizer  by  the  TX^Q  digital  computer,  which  is  similar  to  the  appli¬ 
cation  of  a  computer  to  the  control  of  an  articulatory  analog  speech  synthesizer  recently 
described  by  Dennis,  ^  The  system  includes  the  necessary  equipment  for  the  coupling 
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of  the  computer  to  the  synthesizer  and  a  program  for  the  computer  which  effects  the 
desired  operation  of  the  synthesis  systemi 

The  synthesizer  consists  of  a  cascaded  series  of  electrically  variable  resOnatorS; 

An  electrical  signal  that  is  an  analog  Of  the  glottal  exeitation  to  the  human  vOeal  tract 
is  generated  and  then  passed  through  the  sjmthesizer.  Each  of  the  variable  resonators 
impresses  One  formant  on  the  signal.  By  varying  the  formant  frequenCieSj  as  well  as 
the  amplitude  and  ftmdamentai  frequency  of  the  source  generator,  sounds  that  closely 
approximate  the  voiced  soimds  of  human  speech  can  be  produced. 

The  purpose  of  the  new  control  system  is  to  provide  a  means  by  which  the  param¬ 
eters  of  the  synthesizer  may  be  independently  and  Sknultaneously  varied  as  a  function 
of  time  in  a  manner  specified  by  input  data  in  a  numerical  format.  A  computer  program 
uses  these  input  data  to  produce  the  necessary  temporal  sequence  of  digital  Outputs  that, 
after  being  converted  to  analog  form  by  a  digital-to -analog  converter,  control  the 


Fig.  XX-3.  Sample  parameter  specification. 
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Fig.  XXr4.  Sound  speGtrbgrani  of  output 
prbdueed  by  the  synthesizer 
for  the  input  data  shown  in 
Fig.  XX^3. 


synthesizer  parameters. 

Temporal  variations  for  each  of  the  parameters  are  described  by  a  sequence  bf  cbn- 
fluent  segments  of  seoond-degree  curves.  The  input  data  that  Specify  each  of  tbeSe  time 
Segments  include  the  value  of  the  parameter  at  the  initial,  centralj  and  final  values  of 
time  of  that  segment.  From  these  data  the  program  caicuiateS  the  parameter  value  for 
all  intervening  time  on  the  basis  of  the  quadratic  function  that  the  data  iSiiquely  deter - 
raine.  This  scheme  allows  a  high  degree  of  fleMbility,  inasmuch  as  the  segment  den¬ 
sity  can  be  varied  according  to  the  complexity  of  the  desired  tOnipOrel  variation.  The 
specification  of  each  time  segment  also  includes  data  that  identify  the  particular  param¬ 
eter  being  described,  the  duration  of  the  time  segment,  and  data  thSt  determine  the 
time  relationship  between  the  segments  of  the  various  parameters. 

The  input  data  are  first  sketched  graphically  and  then  transcribed  directly  into  the 
numerical  format  used  by  the  computer.  An  example  of  this  process  is  shown  by 
Fig,  XX-3.  The  small  circles  denote  the  beginning  of  a  new  time  segment,  and  the  num 
hers  associated  with  each  circle  identify  the  time  sequence  in  which  they  occur.  This 
particular  example  produces  a  speech  sample  approximating  the  word  boy.  A  sound 
spectrogram  of  the  output  of  the  synthesizer  for  this  input  is  shown  in  Fig.  XX->4, 

Measurements  of  the  aepustie  output  of  the  system  have  indicated  satisfactory  per  - 
formanee,  and  several  speech  samples  have  been  synthesized. 

Further  details  concerning  the  physical  realization  of  the  synthesis  system  and  its 

2 

use  can  be  found  in  the  author's  thesis. 

W.  L.  Henke 
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research  objectives 

The  primary  objective  of  our  research  program  is  to  find  put  how  languages  can  be 
meaningfully  maniptnated  and  translated  by  machinei  and  to  evaluate  the  quality  that  can 
be  achieved  wi^  different  approaches,  the  Usefulness  of  the  results  and  their  costsi  A 
further  objective  is  to  achieve  a  basic  understanding  of  human  communication  and  ism- 
gudge  use,  and  to  add  to  the  general  knowledge  of  noncomputational  uses  of  digital  com- 
j^ting  machinery. 

We  have  always  Stressed  a  basic ^  long-range  approach  to  the  problems  of  mechanical 
translation.  We  are  placing  emphasis  mi  completeness  ^  when  completeness  is  possible, 
and  on  finding  Out  how  tO  do  a  complete  job  if  OUe  is  not  nOW  possible.  This  emphasis 
has  led  us  mi^  the  study  of  many  of  the  fundamenttd  questions  of  language  and  translation. 
We  are  nOt  looking  for  short-cut  mediods  that  might  yield  paxtiaiiy  adequate  translations 
at  an  early  date  --  an  important  goal  that  is  being  pursued  by  other  groups.  We  are 
seeking  definitive  solutions  that  will  be  permanent  advances  in  the  fieidi  rather  than 
ad  hoc  or  temporaiy  solutions  that  may  eventually  have  to  be  discarded  because  they 
are  not  compatible  with  improved  systems. 

A  broad  and  basic  program  of  research  is  being  carried  out.  In  linguistic  theory^ 
a  computer  model  of  linguistic  behavior  is  being  studied  which  has  airea^  provided 
msight  into  the  reasons  why  human  languages  are  complex.  Lhiguistic  descriptions  are 
being  prepared  for  English,  German,  Frehchi  and  Arabic.  An  experimental  Arabic  to 
English  translation  program  is  under  development,  in  the  area  of  semantics,  work  is 
proceeding  along  several  ayenues  in  an  attempt  to  program  a  machine  to  luiderstand 
English.  Language  is  also  being  Studied  from  a  iogiCal  point  of  View  to  clarify  the 
semantic  sfynificance  of  certam  difficult  snd  cruciEd  words.  The  nature  of  the  trsnsla- 
tion  relatioa  is  being  given  Specim  emphasis.  Computer  programming  languages  are 
being  studied.  The  group  has  developed  and  is  improving  CGMIT,  a  convenient  large- 
scale  computer  programming  system  which  greatly  reduces  the  effort  required  tO  Write 
progranis  related  to  the  research. 

y.  H.  Yngve 


A.  GENERATIYE  grammars  without  THANSFORMATION  rules 

A  phrase -structure  grammar  has  been  written  which  generates  roughly  the  same 
set  of  sentences  generated  by  the  most  comprehensive  transformational  grammar^  Of 
English  with  Which  we  are  acquamted. 

Chomsky  and  others  have  argued  that  a  grammzir  consisting  of  a  set  of  phrase - 
structure  generation  rules,  along  with  a  very  simple  rule  of  mterpretation,  which 
assigns  structural  descriptions  to  sentences  on  the  basis  of  the  manner  of  generation. 

This  work  was  supported  in  part  by  the  National  Science  Foundation  (Grant 
G-24047). 
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is  inadequate  fUr  giving  a  lull  grammatlGal  description  of  sentences  in  English.  On  the 
basis  of  these  arguinentSi  in^y  gratninarians  have  chosen  to  write  grammars  using 
irai^fOrmationaL  generation  rules.,  rules  of  considerably  more  mathematical  power  than 
phrase -structure  rulesi  Howeveri  as  Ghomslgr  would  be  the  first  to  pomt  out*  the  argu¬ 
ments  that  he  has  given  do  not  show  that  no  adequate  grammar  for  English  may  be  written 
sdiich  uses  Phrase -structure  generation  rtdes. 

The  argument  against  the  use  of  phrase -structure  grammars  is  threefold.  First,  such 

grammars  will  be  quite  long,  complex,  ad  hoc,  and  therefore  difficult  to  write.  Second, 

z 

grammatical  description  in  terms  of  parsing  alone  is  not  complete.  Third,  phrase- 

structure  grammars  caumot  exploit  or  explain  certam  general  features  of  particular  lan- 

_  3 

guages. 

hi  order  to  circumvent  these  difficulties  the  following  suggestion  has  been  made  by 
4 

Chomsl^  : 

(1)  To  the  plmase -stricture  rules  of  the  generative  grammar  add  rules  that  are 
essentially  more  powerful  (transformational  rules), 

(2)  Add  interpretation  rules  to  give  added  structural  descripticii  where  certain  trans¬ 
formational  rules  have  or  have  not  been  used. 

We  have  found  that  it  is  not  at  all  necessary  to  introduce  transformational  rules  to 
circumvent  these  difficulties,  and,  in  fact,  there  are  certain  advantages  in  not  doing  so. 
We  restrict  the  generation  rides  to  phrase  ^Structure  rewrite  rUleS  of  the  sort  described 
by  one  of  us,^  We  retain  the  parsmg  interpretation  for  these  generation  rules. ^  We  aug¬ 
ment  this  interpretation  by  using  a  notation  for  the  abbreviation  of  the  phrase  ii- structure 
generation  rules.  This  abbreviated  notation  makes  use  of  subscripts  of  the  kind  that 

'  7 

have  been  provided  for  the  purpose  in  the  CQMIT  computer  programming  language. 
Grammatical  relations  beyond  those  disclosed  thFpugh  parsing  analysis  are  explicated 
m  terms  of  derivations  in  the  abbreviated  notation,  Finally  we  introduce  an  "evaluation 
procedure"  for  choosing  between  equivalent  Sets  of  generation  rules,  Our  evmuation 
procedure  involves  a  criterion  of  simplicity  which  enables  us  to  exploit  (and  thereby 
explain)  grammatical  regidarities  in  a  given  ImgUage. 

The  phrase -structure  graunmar  that  has  been  written  by  one  of  us  (Harman)  has  been 
Written  in  the  form  pf  a  computer  prcgram  that  can  produce  sentences  chosen  at  random 
from  the  set  generated  by  the  grammar,  Exanunation  of  the  sentences  that  are  produced 
aids  in  eliminating  errors  in  the  grammar,  This  grammar  generates  nearly  the  same 
set  of  sentences  as  does  the  transformational  grainmar  on  which  it  is  based.  The  only 
differences  involve  a  few  points  at  which  the  transformational  grammar  appeared  tp  be 
in  error. 

We  are  now  in  a  positipn  to  compare  the  two  grammars  from  the  point  of  view  of  the 
tmeefpld  argmnent  that  has  been  given  against  phrase -structure  grammars,  We  have 
compared  the  lengths  of  the  two  grammars  and  find  them  to  be  of  approximately  the  same 
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size:  ene  reasonaMe  method  of  com^f isora  shows  the  if ahsfbrmatidnal  grammar  to  be 
shorter,  another  equally  reasonable  method  shows  the  phraSe- structure  grammar  to  be 
shorter.  As  for  complexity  and  ease  of  writings  it  would  appear  that  the  phrase -strueture 
grammar  is  easier  to  write  because  the  ruleSs  being  ijnordereds  are  relatively  more 
independent.  Neither  of  the  grammars  can  be  said  to  be  ad  hoe. 

The  arguments  that  phrase -structure  grammar  would  be  incomplete  and  not  able  to 
exploit  and  explain  certain  general  features  Of  particular  languages  iS  not  borne  out  in 
this  case.  Our  phrase -structure  grammar  provides  for  and  explains  adequately  all  of 
the  features  of  English  provided  for  and  explained  adequately  by  the  transformational 
grammar,  it  is  able  to  do  this  by  virtue  of  the  additiimal  interpretation  provided  ly  the 
subscript  notation  that  also  provides  ihe  compactness  over  an  unabbreviated  form  of  the 
rides. 

In  other  words«  arguments  for  the  introduction  of  trsmsformatimal  generation  rulesi 
on  the  grounds  that  one  type  of  grammar  using  phrase -structure  generation  rules  laoks 
explanatory  power,  can  be  met* 

Arguments  that  phrase -structure  generation  rules  lack  the  mathematical  power 
needed  Seem  inooherent,  at  least  at  present.  At  any  rate,  the  additional  mathematics 
power  of  the  transformation  rules  was  not  needed  in  the  very  sophisticated  transforma¬ 
tional  grammar  of  English  Which  wC  used  for  a  comparison. 

The  result  that  a  phrase -structure  grammar  appears  to  be  adequate  for  English 
is  also  of  great  practical  interest  to  those  attempting  to  handle  natural  language 
by  machine. 

G>  H.  Harman,  V,  H.  Yngve 
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B.  AN  ordinary  language  INPUT  FOR  A  GOMiT  PROOF -PROGEDURE 

program 

Work  is  ill  progress  On  a  GOMiT  program  for  the  translation  Of  arguments  from  Ordi- 
naty  Imlguage  ktto  logicAL  notation.  This  is  COnGeived  as  all  input  device  to  a  GOMiT 
program,  based  on  the  Davis -Putnam  proof -procedure  algoritiim,  which  tests  quantified 
and  nOnquantified  logical  formulae  for  validity  by  the  reductio  ^  abSurdum  method  Of 

1^3 

attempting  to  deduce  a  contradiction  from  the  negation  Of  a  formula. 

The  translation  program  works  essentially  as  follows. 

(a)  It  divides  the  words  of  the  input  argument  into  two  basic  categories  the  pune- 
tuative  words,  or  “P-wordsi"  words  like  'if'*  'then'*  'either'*  'or',  'therefore'*  etc. , 
which  usually  divide  Sentential  clauses  from  one  another*  and  the  nonpunctuative  words* 
Or  "W -words*"  which  are  all  the  rest  and  constitute  the  content  of  the  sentential  clauses. 
Accordingly*  every  word  or  punctuation  mark  in  the  input  argument  is  subscripted*  ty 
means  of  a  dictionary  lookup*  with  either  'P'  or  'W.  in  the  sentence 

If  it  rains  then  it  pours. 

the  P-words  are  'if'*  'then',  and  and  the  w-words  are  'if*  'rains'*  and  'pours'. 

A  sentential  clause  is  any  finite  sequence  of  W-. words  cccurring  between  two  P-^words; 
in  the  example,  'it  rains'  and  'it  pours'  are  the  two  sentential  clauses. 

(b)  It  performs  some  simplifiGationS  and  expansions  on  the  input  Sentences.  Ail 
verbal  forinS  are  reduced  to  the  infinitive*  so  that  'If  it  rains  then  it  pours  '*  'If  it  will 
rain  then  it  will  pour  ',  'If  it  is  raining  then  it  IS  pouring'*  'If  it  Wotdd  rain  then  it  WOuld 
pour',  etc.  (all  of  Which  State  basically  the  Same  implication)  are  all  reduced  to  'If  it 
rain  then  it  pour'.  Sentences  to  which  several  subjects  are  attached  to  the  Same  predisj 
Cate*  or  to  which  Several  predicates  are  attached  to  the  Same  subject,  are  expanded  into 
their  implicit  sentential  clauses.  Thus,  'Jack  and  Jill  went  up  the  hill'  is  expanded  toto 
'Jack  went  up  the  hill  and  Jill  went  up  the  hill';  and  'Jack  bpth  fell  down  and  broke  his 
crown'  (the  program  requires  the  'both'  as  the  cue  to  activate  the  expanSipn  Subroutine) 
is  expanded  into  'Jack  fell  down  and  Jack  broke  his  erovm'.  Sentences  using  'either. . , 
or, . .  '  and  'neither. . ,  nor, . .  '  constructions  are  likewise  expanded  whenever  possible, 

A  fallacy  would  result  if  this  type  of  expansion  were  applied,  e.g. ,  to  'Jack  and  Jill  are 
cousins';  thus  the  input  arguments  must  be  stated  without  using  relational  sentences  of 
this  sort,  Later,  we  hope  to  improve  the  program  to  handle  them- 

(e)  It  substitutes  the  letters  *A'.  'B',  'G',  etc, .  for  the  sentential  clauses  to  the 
argument,  by  using  the  same  symbol  for  the  same  sentential  clause  whenever  it  occurs, 

(d)  It  parenthesizes  the  argument,  on  the  basis  of  a  set  of  20  rules  that  make  explicit 
the  groupings  that  are  implicit  to  the  use  of  the  P-words,  Thus,  'If  A  then  B  or 
if  G  then  D'  is  parenthesized  (by  using  the  arrow  for  implication  and  the  wedge  for 
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disjuneti&n)  as  '(5((A)-»(B)i)  V  ((G)**^©)))^  Iri  CORHT  notation  this  formula  appears  as 
•*(  +  ♦(  +  *(  +  A  +  *)  +,  IMPLIES  +  *(  +  B  +  *)  +  ♦)  +  OR  +  *(  +  *(  +  G  +  *)  +  IMPLIES  + 

♦{  +  D  +  *)  +  ♦)  +  *)'.  A  logic^  argumeht  is  Usuaily  stated  as  a  set  of  premises  in  the 
form  of  sentences  separated  by  periods »  which  is  followed  by  a  conclusion  introduced 
by  a  Word  like  'therefore'  or  'hence 'i  Our  program  Symbolizes  rni  argument  as  one  long 
sentence  in  the  form  of  an  implication,  the  'therefore'  (or  'hence',  ete*)  being  replaced 
by  'implies',  and  the  periods  being  replaced  by  'sUid'. 

Ibe  charaoteristics  of  the  restricted  English  employed  follow  from  the  limitations 
On  What  the  program  can  do^  The  restrictions  fall  into  three  general  categories: 

(i)  Restrictions  following  from  the  fact  that  the  program's  only  criterion  of  identity 
Of  two  propositions  or  ''ideas "  is  the  identity  Of  the  sentences  expressing  them,  TwO 
propositions  stated  in  different  words,  even  though  they  may  be  synonymous,  are  s^n« 
boiized  with  different  letters,  unless  one  or  more  of  the  subroutines  mentioned  in  (b) 
above  result  in  the  sentences  being  expressed  in  the  same  wording  and  word  order, 

(ii)  Restrictions  on  the  use  Of  the  P-words  and  the  C-words  (which  are  a  subset  of 
the  p-words  and  include  the  binaiy  connectives  'and',  *©r ',  etCi),  The  P-words  that 
are  at  the  same  timo  G -words  may  be  used  only  ^  a  boundary  is  intended  between  two 
sententisd  clauses,  so  that  a  sentence  like  'He  implies  that  it  will  not  rain'  is  ruled  out, 
since  the  'implies  that'  will  fallaciously  divide  the  sentence  into  two  sentential  clauses, 
'He'  and  'it  wiU  not  rain',  which  are  connected  by  an  implication  sign*  Also,  every 
intended  division  between  two  sentences  must  he  made  explicit,  so  that  'R  it  radns  it 
pours'  must  have  a  'then'  inserted  between  'rainS'  and  'if  before  the  program  will  cor¬ 
rectly  handle  the  Sentence. 

(iii)  Restrictions  on  the  vocabulary.  The  program  emplcQrS  no  grammatical  recog- 
nition  routine  to  speak  of:  thus  a  fixed  vocabulary  must  be  selected  in  advance,  with  all 
cf  the  nouns,  verbs,  and  adjectives  sp>ecified,  A  given  word  may  not  be  used  in  more 
than  one  of  these  categories;  e.g. ,  R  'praise'  is  used  in  the  Set  of  arguments  submitted, 
it  must  be  used  either  as  a  noun  or  as  a  Verb,  but  not  both- 

The  program  has  been  successfully  tested  on  a  variety  Of  examples  taken,  with  the 
required  changes  in  wording,  from  Copi*  Some  of  the  improvements  contemplated  for 
the  program  in  the  future  include  coupling  the  program  with  a  more  powerful  grammar, 
and  enabling  it  to  perform  the  more  subtle  intraclause  analyses  required  for  qUantifica- 
tional  and  relational  logic.  The  proof -procedure  program,  based  on  the  Davis -Putnam 
algorithm,  is  finished  and  rune  reasonably  well.  It  will  do  propositional,  quantifica- 
tional,  and  relational  logic.  Other  improvements  in  this  program  will  have  to  await 
improvements  in  the  theory  of  proof  procedures.  The  ordinaiy  language  input  program 
discussed  in  this  report  will,  however,  do  only  some  of  the  sui^yses  required  fon  prop¬ 
ositional  logic. 

J.  L.  Darlii^on 
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C^  SENTENCE-MEANING  AND  WORD-MEANING 

In  Quarterly  progress  Report  No.  66  (pages  289-293),  I  pointed  out  that  it  is  neces¬ 
sary  for  an  imderstanding  of  the  semantical  behavior  of  those  morphemes  that  function 
as  structurai-eoastanis  ^  to  distinguish  between  sentence  synonymy  and  word  s^onymy • 
The  principle  underlying  this  view  is  that  it  is  the  partiCiilar  configuration  of  structural- 
Gonstants  belonging  to  a  well -formed  grammatical  strmg  which  gives  rise  to  the  funda¬ 
mental  sentence-meaning,  the  meaning  of  each  individual  struetural-constant,  as  a  mors, 
pheme,  remaming  constmit  ^  hence  the  term  ’struetural-eonstimt' but  the  meaning  of 
each  configuration  varying,  the  variation  depending  upon  both  me  structural  properties 
of  the  configuration  and  the  particular  indispensable  structural •,>constamts  that  occur  m  it. 

This  semantical  theoiy  has  been  constructed  to  apply  only  to  the  analysis  of  the 
meanings  of  structural-constants  and  their  mterlocking  relationships  and  does  not 
attempt  to  cover  the  analysis  of  the  meanings  of  lexical  items  that  function  as  denotative 
terms.  It  is  the  author's  opinion  that  different  methods  are  required  for  the  semantical 
analysis  of  those  morphemes  that  function  denotatively  and  those  that  function  structur,- 
aHy.  This  method  of  analyzing  the  meaning  of  structural^constants  and  dieir  various 
configurations  departs  quite  radically  from  the  methods  proposed  thus  far  which  have 
been  formulated  primarily  to  handle  denotative  terms,  In  this  theory,  the  denotative 
morphemes  are  treated  as  variables,  only  the  class  over  which  they  range  having  struc¬ 
tural  significance.  Tbus,  although  it  makes  a  great  deal  of  difference  to  the  total  meaning 
of  a  sentence  whether  Jane  or  John  is  named  as  the  subject  or  object  of  an  action  and 
whether  the  partieular  activity  or  pelatimiship  named  by  the  verbal  is  of  a  eertam  kmd, 
appropriate  substitution  of  one  member  of  a  set  for  another  does  not  alter  the  basic 
sentence -type  ,  nor  do  such  substitutions  alter  the  fundamental  sentence -meaning. 

For  an  illustration  of  this  theory,  let  us  look  at  the  following  sentence: 

(la)  If  John  is  to  be  president,  he  must  get  his  orgsmization  ready  now, 

In  sentence  (la)  the  fimdamental  sentence-,- meaning  is:  John's  getting  his  organization 
ready  now  is  a  necessary  condition  of  his  being  president.  The  event  denoted  by  the 
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clause  'Jehn  is  to  be  president'  has  net  occurred  nor  does  the  Sentence  as  a  whole  Claim 
that  it  ever  will,  since  the  getting  ready  of  the  organization  is  not  the  sufficient  condi¬ 
tion  of  being  president.  Some  sentences  that  are  synonyinous  with  sentence  (la) 
which  are  important  in  that  they  express  the  same  fundamental  meaning  with  a  complete 
change  of  structural-constant,  are 

(lb)  Unless  John  gets  his  organization  ready  now,  he  can  not  be  president. 

(IC)  Only  if  John  gets  his  organization  ready  now,  Can  he  be  president. 

It  Should  be  noted  that  the  fundamental  sentence -meaning  of  the  above  synonymous  sen¬ 
tences,  when  it  can  be  expressed  through  a  symbolic  notation,  will  be  logical  in  form, 
not  grammatical.  Grammatically,  the  form  of  sentence  (la)  has  the  shape  that  'If  John 
is  to  be  president  '  is  the  dependent  clause,  whereas  'he  must  get  his  organization  ready 
now' is  the  independent  clause,  in  sentence  (lb),  'Unless  John  gets  his  organization 
ready  now'  becomes  the  dependent  clause,  and  in  sentence  (ic)  'Only  If  subordinates 
that  which  in  sentence  (la)  was  the  independent  clause  to  the  dependent  clause,  Thus, 
from  the  point  of  view  of  grammatical  form,  either  elementary  sentence  can  be  subor- 
dmated  to  the  olher  without  a  chmige  in  fimdamental  sentence-meaning.  Logically,  how¬ 
ever,  the  event  denoted  by  the  sentence  'he  is  to  be  president'  is  dependent  for  its  exist¬ 
ence  upon  the  previous  oeeurrenee  of  the  event  denoted  by  the  eiementary  sentenee  'he 
gets  his  organization  ready  now'.  The  symbolic  notation,  formicating  the  fundamental 
sentence-meaning,  must  express  this  physical  dependency.  Thus  far,  no  new  notation 
expressing  explicitly  the  relations  of  necessary  mad  sufficient  Conditions  has  been  intro- 
duced  into  the  formal  logical  systems.  Expanding  the  logical  notation  of  the  formal 
systems  will  be  a  necessary  step  in  establishing  rules  for  coordinating  sets  Of  synohy- 
mous  strings  of  one  language  System  to  sets  of  synonymous  strings  from  another  lan¬ 
guage  system  so  that  a  sentence-by-sentence  translation  can  be  carried  Out. 

Sentence  (la)  ©an  be  expressed  as  a  partially  interpreted  sentence -type,  i,  e, ,  a 
sentence -type  whose  indispensable  strueturai-eonstants  that  form  the  configuration 
expressing  the  fundamental  sentence -meaning  are  explicitly  indicated  and  whose  denota¬ 
tive  morphemes  are  indicated  only  by  the  class  tO  which  they  belong. 

(Id)  If  X  is  to  be  f,  then  x  (or  y)  must  g. 

Sentences  (lb)  and  (Ic)  can  easily  be  put  into  abbreviated  schematical  forms.  The 
combination  of  a  partially  interpreted  sentence-type  set  up  as  equivalent  to  another 
represents  a  tautology  whose  major  conpective  is  Em  equivalence,  Each  tautology  is  a 
transformation  law.  It  is  to  be  noted  that  the  transformation  laws  for  every  language 
are  obtained  by  empirical  observation;  the  sentences  established  as  transforms  of  each 
other  must  be  synonymous  in  actuality. 

To  show  how  vital  to  sentence -meaning  the  partieuiar  configuration  of  structural- 
constants  is,  let  us  alter  sentence  (la) by  affixing  to  it  just  one  morpheme,  the  struotural- 
constant,  'even*,  m  prencx  position. 
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(2&)  Even  if  J^hn  is  to  be  presidenti  he  rnust  get  his  ©fganization  ready  now. 

The  sentence -meaning  of  sentence  (2a)  is  immediately  seen  to  be  quite  different 
from  sentence  (la)  which  expresses  a  relation  of  necesSaryf  condition.  The  fundamental 
meaning  of  sentence  (2a)  is  that  the  accepted  fact  of  John's  being  president  in  the  future 
is  unexpectediy  not  the  Sxifficient  condition  of  John's  not  having  to  get  his  Organization 
ready  now.  When  the  Structural-eOnStant  'even'  enters  into  the  configuration  Of  indis¬ 
pensable  structural-constants  belonging  to  sentence  (la),  there  is  an  immediate  effect 
upon  the  'meaning'  of  the  individual  morphemes:  the  event  of  John's  being  president  is 
now  loiOwn  to  take  place  in  the  futurej  'iS  tO  be'  thus  beCOmmg  a  simple  future  tense 
instead  of  being  an  indispensable  structural  configuration  expressing  necessaiT  condi- 
tion;  the  auxiliaiy  'must*  represents  no  longer  an  indispensable  structural  feature. 
Sentence  (2a)  is  synonymous  with  sentences  of  the  following  set: 

(2b)  Although  John  is  to  be  president,  he  must  get  his  organization  ready  now. 

(2c)  In  spite  Of  the  fact  that  John  is  to  be  president,  he  Still  must  get  his  organiza- 
tion  ready  now. 

(2d)  K  John  is  to  be  president,  he  must  get  his  organization  ready  now  anjfway. 
Sentence  (2d)  shows  very  clearly  that  the  listener  must  be  aware  of  the  total  strueturai 
configuration  Of  a  sentence  before  he  can  determine  the  meaning  of  the  sentence,  since 
sentence  (2d)  is  exactiy  like  sentence  (la)  in  shape  except  for  its  very  last  morpheme 
'anyway'.  The  morpheme,  'even',  in  prenex  position,  prepares  us  psyehologicaliy  for 
a  Second  clause  denoting  an  unexpected  event;  'anyway  psychologically  springs  the  event 
denoted  by  the  second  clause  as  a  Surprise.  The  partially  interpreted  sentence .stype  to 
which  sentence  (2a)  belongs  is 

(2e)  Even  if  X  f 's,  x  (or  y)  must  g. 

The  distinction  between  sentence  ^meaning  and  word  -meaning  is  particuiarly  iinpOr,. 
tant  in  clarifying  the  semantic  nature  of  the  free -variables  'any',  'ever',  'whatever', 
and  other  related  morphemes.  Only  if  the  two  concepts  are  carefully  kept  separate  can 
one  explain  how  it  is  that  the  meaning  or  the  definition  of  the  free-svariable  can  remain 
constant  but  the  sentence -meanings  of  the  structural  configurations  m  which  the  mor^ 
pheme  occurs  can  vary.^ 

Whereas  it  appeared  at  one  time  to  me  that  free -variables  were  the  only  structural- 

constants  that  behave  in  this  peculiar  way  of  apparently  shifting  in  meaning  in  different 

contexts,  recent  investigation  has  convinced  me  that  this  'peculiar'  behavior  attends 

3 

many  of  the  structural-constants. 

This  theory  opens  the  way  to  a  solution  of  linguistic  problems  that  have  plagued 

4 

grammarians  for  a  long  time.  I  have  recently  proposed  a  solution  for  determining  the 
proper  occurrence  of  free  ..variable  morphemes  in  sentences  whose  import  has  been 
termed  negative  by  grammarians,  although  their  grammattcal  forms  contain  neither 
explicit  nor  implicit  negative  morphemes.  One  of  the  results  was  to  show  that  this 
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'negative '  impbiilj  ascribed  by  grammarians  to  mdr|>hemes  such  as  'few'i  'little S 
'only',  'too',  arid  'hardly'  aS  opposed  to  their  reapective  polar  words  'many',  'mucb';, 
'all',  'enough',  atid  'almost'  had  been  obtailied  by  the  replacement  of  the  original 
non-negative  sentence  under  discussion  by  a  negative  sentence  synonymous  to  it,  The 
negative  sentence  had  been  derived  by  an  unformulated,  intuitive  recognition  that 
sentences  as  wholes  are  related  semantically  as  synonymous  although  the  negative 
quality  was  erroneousty  assigned  to  a  particular  morpherne  rather  than  to  the  sentenee- 
meaning  as  a  whole.  However,  ly  selecting  only  One  negative  gramnaatical  string 
as  representing  the  canonical  grammatical  form  of  the  sentence  under  consideration, 
they  failed  to  See  that  there  are  many  synonymous  sentences,  some  negative  in  form. 
Some  positive.  Thus  it  was  not  possible  for  them  to  understand  the  resd.  function  of 
the  structurad-constant;  they  had  considered  as  'negative'  a  morpheme  that  is  not 
itself  negative  because  the  seiected  structural-constant  can  occur  in  other  configura¬ 
tions  that  do  not  give  rise  to  a  negative  fuadamentad  sentence -meaning.  Furthermore, 
since,  the  rules  that  transform  one  grammatical  string  into  another  grammatical 
string  preserving  the  original  sentence-mesning,  one  can  always  transform  a  string 
in  which  no  negative  morphemes  appear  into  a  synonymous  string  in  which  negative 
morphemes  do  appear,  the  explanation  offered  appears  vet^  arbitrary,  cme  has  only 
to  look  at  sentence  (la)  and  the  sentences  synonymous  to  it  to  see  this  point.  In 
sentence  (la)  there  is  no  explicit  negation,  but  in  Sentence  (2b)  when  'imless'  Occurs 
in  the  first  clause,  an  explicit  negation  'nOf  must  occur  m  the  second  ciause,  but 
if  'Only  if'  occurs  in  the  first  clause,  the  negation  must  disappear  if  the  fundamen¬ 
ts  sentence '^memiing  is  to  be  preserved,  It  is  this  constant  interplay  of  structural >■ 
constants  that  the  early  grammarians  overlooked.  They  relied  upon  intuitive  setnan,. 
tie  paraphrasmg  only  when  they  were  forced  into  it  by  the  need  of  explaining  certain 
phenomena  in  the  language  under  analysis,  ^e  author  is  writing  a  paper  on  the  prob¬ 
lem  of  the  occurrence  of  free-variable  morphemes  Witbin  these  so-cmied  negatiye 
ccHiteXts, 
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4.-  Elinor  Ki  Charney,  On  the  Oceurrehce  of  Free Variables' in  Sfentehces  of  "Nfega- 
tive”  linppi^,  lecture  presented  at  Linguistics  Seihihari  Research  Labbratpiy  of  Elec¬ 
tronics,  Mi  I.  Ti ,  NPvember  9i  1962i 

B..  FlNiNlSH  NOUN  MORFHOLOGY 

This  report  gives  a  description  of  .parts  of  a  set  of  rules  that  I  have  written  for  the 
morphophonemics  of  Finnish  nouns  and  adjectives.^  The  rules  apply  in  a  fixed  Order 
and  are  assumed  to  Operate  on  the  output  of  the  syntaetic  part  Of  a  grammar  of  Finnish 
(this  means  that  the  rules  may  refer  to  the  immediate  constituent  Structure  Of,  and  the 
syntaetic  categories  and  syntactic  boundary  markers  involved  in,  the  forms  on  which 
they  Operate).  The  complete  set  of  rules  takes  care  of  the  complete  singular  paradigm 
Of  all  "regular"  (1  use  this  word  in  a  rather  broad  sense)  Finnish  nouns it  wiil  be  shown 
that  the  rules  established  for  the  "regular  "  nouns  apply  without  change  to  several  nouns 
and  adjectives  that  are  traditionally  considered  irregular.  The  complete  set  of  rules 
has  been  tested  by  means  of  a  computer  program  that  executes  the  rules  in  sequence 
and  prints  out  the  results  both  in  the  form  Of  a  matrix  of  distinctive  feature  specifica¬ 
tions  and  in  a  phonemic  orthography. 

The  rules  separate  into  two  parts:  a  set  of  "morpheme -structure  rules,”  which  fill 
in  feature  Specifications  that  are  redundant  by  virtue  of  sequential  constramts  on  the 
oceurrence  of  the  various  segments,  and  a  set  of  morphophonemic  rules.  The  forms 
upon  wbleh  the  morphophonemic  rules  operate  are  called  base  forms.  %e  dictionary 
part  of  the  grammar  of  whiGh  those  rules  form  a  part  will  list  forms  in  which  only  non- 
redundant  feature  speeificatiOnS  are  made;  these  forms,  which  the  morpheme -structure 
rules  convert  into  base  forms,  are  called  dictionary  forms.  For  example,  in  a 
3«consonmit  sequence  in  Finnish,  the  last  consonant  must  be  a  voiceless  stop.  The  fea-s^ 
tures  relating  to  the  manner  of  articulation  of  tiiis  consonant  do  not  have  to  be  listed  in 
the  dictionm'y,  smce  only  a  stop  can  follow  two  consonants;  one  of  the  morpheme - 
structure  rules  will  add  the  features  of  obstruent  and  noncontinuant  to  any  ccmsonant  that 
is  preceded  by  two  consonants. 

The  rules  thus  operate  according  to  the  following  scheme. 


dictionary 

morpheme- 

base 

morphophonemic 

actual 

forms 

struoture 

forms 

rules 

words 

rules 

Consider  the  following  paradigmsi 


"eyelash” 

"child" 

"Ski" 

"door” 

"name" 

"snow" 

"large" 

Nominative 

ripsi 

laps! 

sUksi 

uksi 

nimi 

lumi 

suuri 

Genitive 

ripsen 

lapsen 

suksen 

uksen 

nimen 

lumen 

suuren 

u 

Partitive 

ripsea 

lasts 

suksea 

usta 

nimeS 

Ivmta 

suurta 
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These  forms  •wiR  be  prediGted  corecfly  if  one  asaumes  that  the  words  have  base 
forms  df  ripse,  laps,  Shkse,  tijm.,  hiine,  lum^  and  suur  and  supplies  the  grammar 
with  rules  whereby  i)  ^  is  added  after  certain  consonants  emd  clusters  except 
in  the  partitive  case;  2)  the  first  of  a  Sequence  Of  three  consonants  formed  at 
a  morpheme  boundary  is  eliminated  !(uks  +  ta  uSta;  I  am  assuming  the  traditional 
rule  that  the  partitive  ending  is  ^/a^  after  a  single  vOweL  and  elsewhere); 

3)  final  s  is  raised  to  ^  in  nouns  and  adjectives,  and  4)  nasals  assimilate  to  the 
point  of  articulation  of  a  following  GonS (Slant. 

Gonsider,  for  a  moment,  the  rule  that  changes  final  n  to  L.  This  rule  not 

only  takes  care  of  the  alternation  of  i  in  the  nominative  with  e  in  the  oblique 

4  -  -  -  - 

Cases,  but  also  of  certain  other  phenomena^  Gonsider,  for  example,  the  forms 

with  a  possessive  suffix:  the  rule  given  applies  only  when  the  ^  is  final,  so 
that  ^  would  remain  ^  when  no  possessive  Suffbc  follows*  This  is  in  Complete 
agreement  with  the  facts: 

ripsi,  "eyelash";  ripseni,  "my  eyelash" 

lapsi,  "child";  lapSeni,  "my  Child" 

Stmsi,  "ski";  SukSeni,  "my  Ski" 

lumi,  "snow";  luracni,  "my  SnOw" 

Now  consider  situations  in  which  an  s  in  the  nominative  alternates  with  a  t  or  d 

5  ■  ~  ~  ~ 

m  the  oblique  Cases,  it  will  be  necessary  to  assume  two  separate  morphophonemes 

^  and  £  to  represent  those  ^'s  that  do  not  and  do  alternate,  respectively,  with  s;  in  many 

situations  it  is  predictable  whether  or  not  the  alternation  will  occur,  but  the  existence 

of  doublets,  such  as  liksi/lahti  (past  tense  of  Ihhtea,  "to  leave"),  means  that  there  are 

environments  in  which  this  Cannot  be  predicted. 

Inj/^  alternations,  the  ji.  occurs  either  before  £  (the  i  may  be  either  an  alternant 

^  in  the  nommative  of  nouns  ^  see  above  ^  or  the  plural  marker  m  noums,  or  the  past 

tense  marker  in  verbs)  or  m  fmal  position  m  polysyllabic  nouns,  tbe  first  class  of 

cases  of  j/£  alternation  thus  requires  a  rule  that  states  that  c  s  before  L  Tb(en  para-. 

digms  Such  as 


"handf  "one" 

Nommative  kasi  yksi 

Genitive  kaden  yhden 

Illative  kateen  yhteen 


will  be  generated  correctly  if  one  assumes  base  forms  of  kuc  and  yhc  (a  sequence  of 
velar  plus  dental  is  stdaject  to  regressive  assimilation  of  the  feature  of  eontmuity:  ht 
and  Im  occur,  but  ^  and  ^  do  not;  this  dissimilation  rule  will  transform  the  underlyrng 
form  yhsi  mto  the  correct  form  yksi)* 

What  about  the  cases  in  which  the  ^  alteFnant  of  is  m  final  position  and  thus  not 
followed  by  Example: 
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^freedom" 

"beauty" 

Nominative 

vapauS 

kauneus 

Genitive 

vapauden 

kauneuden 

Iiiatiye 

vapaUteen 

kauneuteen 

To  answer  this  question,  let  us  return  to  the  earlier  examjples  of  ripsi,  etc*  Note  that 
theso  words  are  aU.  disyllahiCi  Coniiiare  the  examples  above  with  the  foRowing  para« 
digms: 


NOmmative 

Genitive 

Partitive 

Illative 


"gratitude" 

Mitos 

kiitokSeh 

kiitoSta 

kiitokseeh 


"event" 

tapaus 

tapauksen 

tapausta 

tapaukseen 


These  paradigms  differ  from  those  Of  lapsi  amd  t^si  Only  iri  the  nomihative  ease,  in  which 
the  final  1  is  missing  and  the  consonant  cluster  simplifies.  The  simplification  of  the 
final  cluster  is  easily  incorporated  into  the  rules.  The  rule  already  required  for  Sim¬ 
plifying  clusters  in  the  partitive  now  reads 


C  ^  0  (i.  Ci ,  is  deleted)  in  the  environment  C  +  C 


(+  denotes  morpheme  houndai^).  All  that  is  needed  is  to  change  the  environment  to  read 
-  .  c  (#  means  word  boundary);  this  would  then  transform  kRtoks  and  tapauks 

into  the  desired  forms  Mitos  and  tapaus.  With  respect  to  the  fact  that  these  words  lack 
a  final  i,  suppose  that  i  just  added  a  somewhat  ad  hoc  rule  that  deletes  final  ^  if  it 
OGCurs  beyond  the  second  syllable,  so  that  kiyos  would  be  obtained  through  an  intermed¬ 
iate  stage  Mitoksi,  That  is,  one  rule  would  add  a  final  i.  and  then  another  rule  would 
delete  it,  which  admittedly  sounds  a  trifle  hocus -pocuS-iSh;  however,  it  is  nO  mOre  com¬ 
plicated  than  the  other  solutions  that  present  themselves,  and,  moreover,  it  turns  Out 
that  it  automatically  takes  care  of  yapaus  and  kauneus  if  base  forms  of  vapauc  said 
kauneuc  are  assumed:  the  final  i  is  inserted,  c_s*  £  before  L  and  then  the  final 
eliminated.  This,  incidentally,  is  exactly  what  happened  historicaUy:  vapaus<  vapausi; 
Mitos  <  Mitoksi.  However,  historical  considerations  aside,  the  solution  given  here 
seems  likely  to  be  the  simplest  synehronie  description  of  the  presence  vs  absence  of 
final  j_  mid  the  alternation,  since  it  requres  only  the  addition  of  one  simple  rule 
(i-deletion  in  polysyllabic  nouns),  in  additicm  to  rules  that  already  have  to  be  in  the 
grammar  to  take  care  of  other  phenomena. 

Consider,  now.  such  paradigms  as 


Nominatiye 

Genitiye 

Partitiye 

Inessive 


"tooth" 

hammas^ 

hampaan 

hammasta 

hampaassa 


"spring" 

kevat 

keyaan 

keyatta 

kevaassa 


"billy  goat" 

kauris 

kauriin 

kaurista 

kauriissa 
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The  phehoinendn  to  be  aGGounted  f6r  is  the  disappearance  of  the  final  cbnSon£Uit  and  the 
appearance  cf  the  long  vowel  in  the  oblique  Cases.  To  explain  this,  let  rne  digress  fCr 
a  moinent  and  treat  the  topic"  of  the  occurrence  of  vowel  Sequences  in  Einnish  wbrds. 

The  vowel  sequences  that  can  occur  within  a  syllable  are  the  long  VoWelSi  the  high.. 
to-mid  diphthongs  (te,  ydi  uO),  and  diphthongs  whose  secinid  naember  iS  a  high  Vowel. 

The  long  mid-VowelS  are  of  Soinewhat  limited  distribution:  outside  of  a  handful  of  recent 
loanwords,  they  only  Oceur  where  they  are  created  by  some  morphological  process  such 
as  the  vowel  lengthening  that  occurs  in  ihe  third  person  singular  of  verbs,  the  illative 
case  of  nOUnS,  and  the  oblique  caSeS  of  the  claSs  Of  nouns  mentioned  in  the  last  para- 
graph.  This  means  that  aside  from  the  loanwords,  to  which  Special  rules  will  have  to 
apply  anyway,  there  will  be  no  base  forms  containing  long  mid-vowels.  This  means 
diat  it  wooLd  be  possible  to  represent  the  high-to-ndd  diphthongs  in  base  forms  as  if  they 
were  the  corresponding  long  mid-vowels  5o,  oo,  and  then  obtain  the  high-to-inid 
diphthongs  by  a  rule  that  raises  the  first  mora  of  a  long  mid -vowel.  This  decision,  based 
purely  on  the  desire  to  simplify  the  statement  of  ihe  occurrences  of  vowel  sequences 
within  a  syllable  (instead  of  saying  "long  high  or  low  vowel,  high-to-mid  diphthong,  or 
vowel  plus  high  vowel,"  it  how  sihfices  to  say  "long  vowel  or  vowel  plus  high  vowel  "), 
automatically  removes  an  exception  to  the  rules  relating  to  noun  plurals  and  the  past 
tense  of  verbs.  The  rule  in  question  relates  to  sequences  of  vowels  that  precede  the 
plural  or  past  .-tense  marker  i.  Most  Finnish  texts  State  that  the  Second  vowel  of  the 
sequence  iS  lost  except  in  the  case  of  the  high-tO^mid  diphthongs,  in  which  the  first  vOwel 
is  lost.  If  these  diphthongs  are  represented  as  long  mid-vowels,  this  exception  disap-. 
pears,  provided  that  the  rule  for  the  dipSithongization  Of  long  mid-VOwels  follows  the 
yowel-eliinination  rule  (Which  will  now  State  simply  that  the  second  vpwel  iS  lost). 
Example: 


"eats" 

"ate" 

"to  the  road" 

"to  the  roads" 

Base  form 

sOO 

s66  +  i 

tee  +  He: 

tee  +  i  +  He' 

Vowel  elimination 

sOd 

sO  +  i 

tee  +  lie' 

te  +  i  +  lie' 

Diphmongization 

syO 

s6  +  i 

tie  +  He' 

te  +  i  +  He' 

Final  result: 

syO 

sOi 

tieUe' 

teiHe' 

Incidentally,  these  rules  that  I  have  established  here  for  a  synchronic  description  of 
Finnish  morphology  exactly  mirror  the  historical  development:  Modern  Finnish  ie,  y§, 
UO  develop  from  Old  Finnish  The  vowel  sequences  within  a  syllable  (in  base 

forms)  cmi  thus  be  restricted  to  geminate  vowels  and  vowel  plus  high  vowel*  This  means 
that  the  gramroar  will  contain  a  morpheme-structure  rule  corresponding  to  this  restric  ¬ 
tion;  the  simplest  candidate  for  this  rule  is  a  rule  according  to  which  progressive 
assimilation  takes  place  when  a  vowel  is  followed  by  a  non-high  vowel  within  the  same 
syllable. 

Let  US  now  return  to  nouns  of  the  hammas  typm-  I  will  attempt  to  account  for  these 
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with  as  little  machineiy  as  is  absolutely  necessary  beyond  the  rules  already  in  the  gram.p 
mar.  i  already  have  a  rule  that  adds  an  in  certain  still  vaguely  specified  environ¬ 
ments.  Suppose  that  it  also  applies  te  nouns  of  the  hammas  type.  This  win  not  affect 
the  nominative  casei  Since  the  final  Vowel  would  be  eliminated  later  according  to  the 
rule  already  established.  Consider  the  underlying  forms  for  the  genitive  which  would 
then  result: 

A.  hampase  -i-  n  kevate  +  n  kaurise  +  n 

K  the  s  or  is  removed*  then  a  vowel  sequence  ae*  ie,  etc. ,  will  arisen  if  the 
vowel-assimilaticn  "morpheme-structure"  rule  is  moved  into  the  morphophonemlc  part 
of  the  grammar*  then  nothing  more  is  needed.  The  forms  A  would  be  transformed  into 

B.  hampae  +  n  kevae  +  n  kaurie  +  n 

by  the  consonant -elimination  rule  and  then  into  the  desired  forms 

C.  hampaa  +  n  kevaa  +  n  kaurii  -f  n 

i 

1^  the  vowel-assimilation  rule.  All  that  needs  to  be  done  now  is  to  formulate  the 
cOnsonant-elimination  rule*  provided,  of  course,  that  one  can  be  formulated,  some¬ 
thing  that  1  still  have  not  established. 

Nouns  of  the  hamrnas  type  are  all  disyllabic*  They  can,  indeed  (assuming  the  obvioUS 
base  forms  of  hampas*  kevat*  kauris)*  he  characterized  as  those  nouns  whose  base  form 
ends  in  a  single  obstruent  (i.  e* ,  a  single  consonant  Other  than  a  liquid  or  nasal).  Note 
that  nouns  of  the  vapaus  type*  m  which  me  final  consonant  is  preserved,  are  trisyllabic 

■ft'  .  ... 

(va  pa  us*  kau  ne  us).  This  fact  immediately  suggests  a  possible  rule:  An  intervocalic 
obstruent  is  elinunated  when  preceded  by  exactly  two  syllables.  However,  a  Somewhat 
Simpler*  neater*  and  more  intuitive  form  of  the  rule  can  be  obtained  by  taking  into 
account  the  alternatmg  stress  of  Finnish.  As  far  as  1  can  determine,  excluding  certain 
recent  loans  and  foreign  names,  base  forms  are  at  most  three  syllables  long,  so  that 
a  form  obtained  by  the  e-addition  rule  is  at  most  four  syllables  long;  the  four  syllables 
woULd  have  the  stress  pattern  /  u  l  u  (str<mg-mininial-low-mmimal).  The  intervocalic 
obstruent  is  thus  dropped  if  and  Pnly  if  it  is  preceded  by  a  vowel  with  minimal  stress. 

The  rules  referred  to  here  must  apply  m  the  fcHpwing  order: 

(1)  addition  of  ^  after  a  stem-final  consonant, 

(2)  raising  of  a  final  e.  to  ^  in  nouns, 

(3)  deletion  of  final  i.  from  polysyllabic  nouns* 

(4)  deletion  of  an  intervocalic  obstruent  when  preceded  by  a  minimally  stressed 
vowel* 

(5)  progressive  assitnilatlon  of  vowel  segments  withm  a  syllable  when  the  second 
is  not  high. 

Note  that  these  rules  take  care  not  only  of  the  oblique  forms  of  tiie  hamm^type  <rf 
noun  but  also  the  forms  with  possessive  suffixes.  Hammas,  kevat.  uid  kauris  have  the 
following  forms  With  a  possessive  suffix: 
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hampa^i,  "lAy  tooth" 
kevaarii,  "my  spring  " 
kauriinij  "my  toilly  goat" 

Starting  from  the  forms 

hampas  -H  ni  kevSt  +  ni  kauris  ^  ni 

rule  (1)  produces 

hampase  +  ni  kevkte  +  ni  kaurise  +  ni, 
rules  (2)  and  (3)  do  not  apply  (since  the  ^  added  by  rule  (1)  is  Mot  fiMad)i  rule  (4)  yields 
hainpae  +  lii  kevde  +  ni  kaurie  ni, 
and  rule  (5)  yields  the  desired  forms 

hampaa  +  ni  kevdll  +  ni  kaurii  +  ni. 

On  the  other  hand,  if  there  is  no  possessive  suffix  in  the  nominative  case,  then  the  vowel 
added  by  rule  { 1 )  is  deleted  by  rule  (3),  which  means  that  the  s.  t_  is  no  longer  inter  ■■ 
vocaLic,  So  that  rule  (4)  will  not  apply  and  the  desired  forms  hzunmas,  kevat,  and  kauris 
will  not  be  obtained^ 


Further  confirmation  of  the  validity  of  these  rules  is  given  by  the  fact  that  the  rules 
without  any  modification  predict  correctly  not  only  the  complete  singular  paradigms  of 
all  "regular"  nouns  and  adjectives,  TVhich  is  what  they  were  established  to  describe, 
but  also  the  paradigms  of  several  words  that  are  usually  regarded  as  "irregular."  Three 
such  examples  are  the  nouns:  syddn  and  tuhat  and  the  ordinal  number  words.  Consider 
the  following  paradigms: 


Nominative 

Cenitive 

Partitive 

niative 


"heart 

sydan  _ 
sydammen’ 
Sydanta 
sydammeen 


"thousand" 

tuhat  jQ 
tuhannen 
tuhatta 
tuhanteen 


"third" 

ko^as 

kolmannen 

kolmatta 

kolmanteen 


Tha  appropriate  base  forms  are  sydamm,  tuhant,  and  kolmiuic.  The  nominative  case 
forms  are  generated  as  follows  (for  the  other  cases  the  derivations  are  Obvious): 


sydamm 

tuhant 

kolmanc 

^-addition 

sydamme 

tuhante 

kolmaytice 

vowel  raising 

sydammi 

tuhanti 

kolmanci 

e  ^  s 

Sydammi 

tuhanti 

koimansi 

i  0 

sydamm 

hmant 

kolnums 

Cluster  simplification 

Sydam 

tuhat 

kolmas 

final  -*  dental 

sydan 

tuhat 

kolmas 

J.  D,  McCawley 

References 

1,  A  paper  that  contains  the  complete  set  of  rules,  of  which  this  is  an  abbreviated 
version,  will  be  avsilahle  soon  in  duplicated  form  from  the  Mechanical  Translation 
Group,  Research  Laboratory  of  Electronics,  M.  I.  T.  Some  of  the  rules  are  given  here 
in  a  slightly  simplified  (and  thus  incorrect)  form  ii.  the  interests  of  simplicity;  the  differ¬ 
ences  are  slight  and  affect  only  certain  minor  phenomena  that  are  not  treated  here, 
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2.  f  h(B  descriptive  model  that  I  use  is  described  in  detail  Halle,  The  Sound  Pat¬ 
tern  ^  Russian  (Mouton  and  Company i  The  Ha^e,  1959)i 

ti  All  statements  that  I  make  here  for  nouns  also  hold  for  i>djectives;  adjective  mor¬ 
phology  differs  in  no  way  from  noun  morpholo^  in  Fmnish. 

4.  I  use  the  term  "oblique  cases"  to  refer  to  all  cases  except  the  nomihative  and 
partitive,. 

5.  The  n  is  the  result  of  consonant  mutation,  a  process  by  which  vOiceleSs  stops  at 
the  beginning  of  short  closed  syllables  are  modified.  The  larger  Version  of  this  report 
contains  a  full  treatment  Of  consonant  mutation  rules. 

6.  The  mp/mm  aiternation  is  a  result  of  consonant  mutation. 

7.  In  order  for  the  vowei-assimtlation  rule  to  be  able  to  apply,  not  only  the  conso¬ 
nant  but  also  the  syllable  boundaiy  preceding  it  will  have  to  be  removed.  Note  that  it 
is  possible  for  the  second  and  thirci  syllables  to  be  separated  by  a  syllable  boundary  but 
no  consonant:  kor  ke  aj  m  pa  us,  Ifowel  assimilation  docs  not  occur  in  such  cases. 
Syllable  boundaiT  is,  of  course,,  nondistinctive:  it  is  inserted  according  to  rules  that 
correGtly  predict  its  occurrence. 

8.  The  an  diphthong  can  occur  in  only  the  first  syllable.  In  ^  sequences  beyond 
the  first  syllable,  both  vowels  are  syHabie,  isc.,  they  are  separated  by  a  syllable  boimd- 
ary.  as  in  vapaus, 

9.  The  oblique  case  forms  of  sydan  are  written  with  a  single  m  in  standard  orthog,, 
raphy;  however,  a  double  m  is  actually  prohoiinced, 

io,  nn  is  the  alternant  of  nt  under  consonant  mutation, 
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RESEARCH  OBJECTWES 


This  group  sees  as  its  central  task  the  development  of  a  general  theory  of  language . 
The  theory  will  attempt  th  integrate  all  that  is  known  about  language  and  tb  reveal  the 
lawful  mterrelations  among  the  structural  properties  of  different  languages  aS  well  aS 
of  the  separate  aspects  of  a  given  languagei  such  as  its  Syntax,  morphology,  and  pho- 
noio^i  The  search  for  linguistie  universals  and  the  development  of  a  eomprehensive 
t^oiogy  of  languages  are  primary  research  objectives  i 

Work  now  in  progress  deals  with  specific  problems  in  phonology,  morphology,  syn¬ 
tax,  language  learning  and  language  disturbances,  linguistic  change,  semantics,  as  well 
as  with  the  logical  foundations  of  the  general  theory  of  language .  The  development  of 
the  theory  influences  the  yarious  special  studies  and,  at  the  same  time,  is  influenced 
by  the  results  of  these  studies .  Several  of  the  studies  are  parts  of  complete  linguistic 
descriptions  of  particular  languages  (English,  Russian,  Siouan)  that  are  now  in  prepa¬ 
ration  < 

Smce  mmiy  of  the  problems  of  language  lie  in  the  area  in  which  several  disciplines 
overlap,  an  adequate  and  exhaustive  treatment  of  language  demands  close  cooperation 
of  linguistics  with  Other  sciences .  'fhe  inquiry  into  the  structural  principles  of  human 
language  suggests  a  comparison  of  these  principles  with  those  of  other  sign  systems, 
which,  in  turh,  leads  naturally  to  the  elaboration  of  a  general  theory  Of  signs.  Semiotics. 
Here  linguistics  touches  upon  problems  that  have  been  Studied  by  modern  logic.  Other 
problems  of  interest  to  logicians  and  also  to  mathematicians  ^  are  touched  upon  in  the 
studies  devoted  to  the  formal  features  of  a  general  theory  of  language  •  The  study  of 
language  in  its  poetic  function  brings  linguistics  into  Contact  with  the  meory  and  history 
of  literature .  The  social  function  of  language  cannot  he  properly  illuminated  without 
the  help  of  anthropologists  and  soGiologists.  The  problems  that  are  Common  to  lin- 
giUstics  and  the  theory  pf  communication,  the  psychology  of  language,  the  acoustics  and 
physiology  of  speech,  and  the  study  of  language  disturhahces  are  too  well  known  to  need 
further  Comment  here.  The  e^lpration  of  these  interdisciplinary  problems,  a  major 
objective  of  this  group,  will  be  of  benefit  not  only  to  linguisliCs;  it  is  certain  tp  provide 
workers  in  the  other  fields  with  stimulating  insight  and  new  methods  pf  attack,  as  well 
as  to  suggest  to  them  new  problems  for  investigation  and  fruitful  reformulations  of 
questions  that  have  been  asked  for  a  long  time, 

R,  Jakobspn,  A.  N.  Chomsky,  M,  Halle 

A,  A  NOTE  ON  THE  FORMULATION  OF  PHONOLOGICAL  RULES 

This  report  deals  with  a  restriction  that  must  be  imposed  on  phonological  rules  of  the 

type 

(1)  A-B  inenv:  X _ 

Z 


*Thia  work  was  supported  in  part  by  the  National  Science  Foundation  (Grant  G- 16526) 
and  in  part  by  the  National  Institutes  of  Health  (Grant  MH-04737-62). 
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where  the  capital  letters  represent  distinctive -feature  specifications  and  X,  Z  may 
he  null  (i .  e  i ,  the  rule  ma,y  apply  in  all  environments); 

Following  Halle  ^  and  GhomSKy,^  we  Shall  define  segments  |a|  and  to  he  phonemi- 
oally  distinct  (liei.  nonrepetitions)  if  and  only  if  at  least  one  feature  has  a  different  value 
in  {ei}  than  in  ■{^}.  Thus  segments  {o}  and  {^}  below  are  phonemically  distinct  because 
{o}  is  specified  [+feature  A|  whereas  is  Specified  |[ -feature  Ajj;  segment  however, 
is  phonemically  distinct  neither  from  |o}  nor  from  ifpjhecause  there  is  not  one  feature  in 
{V}  that  has  a  different  value  either  in  {c}  or 

segments  |a}  -{pi  {yj 

feature  A:  i  -  b 

feature  B:  +  +  + 

We  discuss  possible  interpretations  of  how  rules  of  type  (1)  should  be  applied  to  seg¬ 
ments  of  type  {y}. 

in  particuiari  we  want  to  determine  how  rule  (2)  should  be  applied  to  segment  {y}: 

(.2)  Ififeature  A]  -*  [^-feature  b]. 

Let  us  asSUnie  firstj  that  rule  (2)  applies  to  segment  {y}  and  thus  specifies  {y}as 
[''-feature  B];  Application  Of  (2)  to  [jp}  and  {y}  will  then  pFoduee  the  following  distinctive- 
feature  tnatrix: 

segment:  {p}  {y} 

feature  A;  “  h 

feature  S:  +  - 

Since  segments  [p}  and  {y}  were  not  phonemically  distinct  to  begin  with  and  since 
they  are  phonemically  distinct  after  application  of  rule  (2),  we  conclude  that 

No  ride  may  be  applied  to  any  segment  if  a  feature  to  the  left  of 
the  arrow  has  not  already  been  specified  for  that  segnient . 

Now  let  us  assume  that  rules  of  type  (2)  do  not  apply  to  segments  of  type  {y}.  We 
begin  with  segments  {«}  and  {y}.  Application  of  rule  (2)  to  these  segments  results  in  the 
following  matrix: 


segment:  {a}  {y} 

feature  A:  +  0 

feature  B:  -  + 

Once  again  we  have  Succeeded  in  producing  two  phonemically  distinct  segments  from 
segments  thut  initially  were  not  phonemically  distinct.  We  therefore  conclude  that 

No  rule  may  not  be  applied  to  any  segment  if  a  feature  to  the  left  of 
the  arrow  has  not-already  been  specified  for  that  segment . 
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t/' 

The  application  of  this  restriction  to  specifications  in  the  environment  is  Obvious  • 

T.  Mi  Lightner 
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B,  vowel  harmony  in  classical  (LiTeRARY)  MONGOLIAN 


In  Glassioal  Mongolian  (CM)i  Vowels  in  a  word  must  be  either  aH  grave  or  all  acute> 
in  agreement  with  the  gravity  of  the  first  Vowel  m  the  Word.  The  Vowel  i,  however,  may 
occur  either  with  grave  vowels  or  with  acute  vowels . 

The  CM  vowel  phones  are  as  follows: 


Segment:  u  o 

Hat;  +  4 

diffuse ;  +  “ 

grave:  +  + 


U  5  i  a  e 

+  ^ 
-  -  d  +  ir 


We  would  like  to  account  for  CM  vOwei  harmony  in  essentially  the  same  way  that 
Halle  acGOunts  for  Finnish  vowel  harmony*^  We  would  require  the  following  two  ordered 
rules : 


(1) 

r+voci 

>•  [ttgrv]  in  ertv:  / 

'+voc~ 

L-cnsJ 

•^ens 

V 

ttgrv 

/ 

where  X  may  be  any  number  of  nonvowcl  segments  and  may  contain  +  boundaries  or 
juncture  symbols  but  may  not  contain  a  pair  of  #'s  (Le**  may  not  ccsitain  a 
word  boundary). 


(2) 


’  +VOC 
-cns 
-flt 
+dif 


[-grv] 


In  the  examples  below  capital  letters  represent  archiphonemes  not  specified  for 
gravity;  thus  U  represents  u},  etc .  We  omit  boundary  markers,  since  they  play  no 
role  in  vowel  harniony. 

(a)  emA  •^l-^  erne  'woman' 

(b)  barsUn  •^1»  barsun  'tiger  (gen,  sg.)' 

(c)  bars!  ^l'*  barsi  »2-*  barsi  'tiger  (ace.  sg.)' 
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The  difficulty  with  this  analysis  lies  in  the  existenee  of  words  that  have  i,  for  their 
first  Vowel  phoneine  (nigeii  'one,'  e^g.)^  Since  the  first  vowel  of  these  stems  is  unsp6ci~ 
fied  for  ijravityi  it  may  be  objected  tliat  one  may  not  formulate  rule  (1)  i 

At  first  glance  this  seems  to  be  a  serious  objection:  either  One  must  discard  the 

intuitively  correct  analysis  above  or  else  one  must  specify  i  for  ,^avity  in  these  words 

-  -  2 

and  thus  violate  Halle'  s  Simplicity  ertterion. 

Closer  examination  reveals  that  an  objectiOh  Of  this  type  is  ili-formed. 

Given  a  word  whose  first  vowel  is  i,  there  is  no  way  to  tell  whether  the  other  vowels 

in  the  word  should  be  back  vowels  or  front  vowels  i  In  actual  fact>  the  other  vowels  may 

be  either  front  or  backi  depending  on  the  particular  morpheme  in  question*  The  ^  in 

these  words  must*  tiierefore,  be  specified  for  gravity. 

In  short,  the  phonemic  CM  vowel  system  contains  one  more  Vowel  tiian  the  phonetic 
3 

CM  vowel  system  : 


Segment:  u 

o 

ix  6  *1 

i  a  e 

flat:  + 

+ 

^  f  ~ 

«  *  ~ 

diffuse:  + 

- 

+  -  + 

4-  - 

grave:  + 

^ 

—  +  — 

Examples  of  appllcatiOh  of  rules  (l)w(3)  to  words  whose  first  yOWel  phoneme  is  i  or 
I.  are  the  following: 

(d)  bidAnU  bidentt  bidentl)'  'of  Us  (inclusive)' 

(e)  inAdU  «1^  "inadu  -^2^  inadu  'bn  this  Side' 

f  .  M.  lUghtner 
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W r itten  Mongolian  (Otto  Harrassowitz.  Wiesbaden.  1954),  p.  11. 


C.  ON  THE  PRESENT  TENSE  THEME  o/e  IN  RUSSIAN 

Miost  North  Russian  (R)  dialects  and  a  few  South  R  dialects  are  commonly  considered 
to  have  the  present  tense  theme  o  for  verbs  with  stems  in  a  consonant  or  in  a  back  vowel 
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(&e  so-called  first  conjugation).  I%e  remaining  North  R  dialects  and  most  South  R 

dialects  are  Considered  to  have  the  present  tOiise  thome  a.  Ihera  are  also  a  fOw  dialects 

that  are  considered  to  have  both  e  and  o:  a  before  soft  consonants  and  O  before  hard 
1 

consonants. 

IhuSi  for  example,  the  z  Sg,  3  $g,  l  Pi,  2  PI  presont  tense  forms  of  the  stem  pas.-, 
may  occur  in  any  of  the  following  phonetic  forms,  dOpending  on  the  particular  dialect  in 
question: 

pas,  dt  pas,  dm 

pas,  dt  pas,  dm 

pas,  dm 


A: 

B: 

C: 


pas,  6s 

i  V 

paSi  es 


/V 

pas>  os 


f  pas,  dt  1 
\  pas,  et,J 


pas,  Ot,  e 
pas,  dt,  e 

pas,  et,  e 


We  cannot  accept  any  analysis  that  postulates  that  the  underlying  present  tense  theme 
is  either  e  or  0  for  any  R  diaiect  (in  fact,  fOr  any  East  Slavie  language) . 

Let  US  first  look  at  type  A  (the  contemporary  standard  literary  dialect  is  of  this  type) . 
if  the  present  tense  theme  is  postulated  as  0,  then  the  rules  Of  the  transformational  cycle 

--  -■  z 

will  read,  in  part  (we  omit  rules  that  are  irrelevant  here),  as  follows  : 

C-1:  Transitive  sOftemng  occurs  in  eSv:  --  -  -  +;r+vOGl  +  r+vOcl 

■^cns  I  ^cns 

Lf-ntJ  Imj 


C*2: 

f^l-voc  :  ^  0 

in  env:  ... _ 

(+)  il+VOC 

L'^ensJ 

[j,-chS^ 

G>!'3:  [+Gns]  »  [+Sharp]  in  env:  -tie 

0 


+  X  where  X  may  not  be  null. 


C-4:  Erase  parentheses  and  return  to  C-1. 

We  note  that  the  specification  of  the  environment  in  G-3  will  be  rather  complex 
because  i,  e,  and  o  do  not  form  a  natural  class  of  vowels , 

Our  suggestion  is  to  postulate  a  front,  rounded  vowel,  O,  as  the  present  tense  theme. 
Rule  C,"3  will  then  read: 


C-3':  [+cns]  ••  [+sharp]  in  env: 


+VOC 

-cns 

L-grvJ 


+  X 


After  all  of  the  rules  of  the  transformational  cycle  have  been  applied,  die  forms  of 
pas-  listed  above  will  be  as  follows: 


A':  pas,  Os 


pas, Ot 


pas,  Om 


pas,  Ot,  e 


We  require  now  only  die  following  phonetic  rule: 
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iTii'ifiSwi 


P-A:  l+flat]  »  :[+grave] 

Application  of  rule  P-A  to  the  forms  above  will  give  the  correct  final  phonetie  formSi 
A”:  pas,  oS  paSi  6t  pass  pas*  6i,  e 

We  must  prefer  this  analysis  to  an  analysis  that  uses  the  present  tense  theme  o 
because  Our  analysis  requires  fewer  distinctive  feature  specifications. 

Now  let  US  examine  type  B.  The  postulation  of  a  present  tense  theme  e  for  this  type 
would  involve  a  considerable  increase  in  the  complexity  of  the  grammar  because  rule 
G-1  would  have  to  be  changed  drastically.  We  would  have  to  find  Some  environment  that 
causes  transitive  softening  in  forms  like  ((p»  is+a  +  e)  +  t) .  ((xod+i  +  1)  +  u)  —  ultimately 
p,  iset  and  xQzu  —  and  prevents  transitive  softening  in  forms  like  ((xod+i  +  i)  +  at), 
((smotr+e  +  i)  +  at),  ((pas  +  e)  +  u)  —  ultimately  xod,  at,  smotr,  at,  pasu.  Such  an  envi-. 
ronment  cannot  be  of  the  simple  form  shown  in  rule  C-l. 

If,  however,  we  were  to  postulate  that  the  present  tense  theme  for  type  B  were  6, 
then  we  could  use  rule  Cal  as  it  stands.  We  would  now  need  Only  to  have  the  following 
phonetic  rule  in  place  of  P-A;. 

P.fB:  [-grave]  ^  |.■^flat^ 

This  ride  will  ensure  that  5  e  and  the  final  phonetic  form  Of  the  ekanapleS  given 
apove  will  have  the  (correet)  vowel  e. 

At  this  point  it  should  be  clear  that  We  want  to  postulate  d  as  the  preseni  tense  theme 
for  type  C  also.  For  these  dialeGts  we  will  require,  not  one,  hut  two  phonetic  rules; 

Ps-Gl:  [+flat]  [+grave]  in  env; .  f+cons 

L-shrpi 

P-C2:  [-grave]  [-flat] 

We  must  point  out  that  the  present  analysis  clearly  brings  forth  the  underlying  unity  of 
R  conjugation;  the  particular  dialectal  variations  find  their  explication  in  low-level  pho¬ 
netic  rules,  i.e,,  at  a  late  stage  of  phonetic  speeifieation  rather  than  at  an  earlier  stage, 

Although  we  leave  Ukrainian  (U)  and  Byelorussian  (UR)  conjugation  for  later  studhes, 
we  would  like  to  mention  the  inherent  plausibility  that  the  present  theme  in  these 
languages  is  also  d, 

In  U  the  late  phonetic  rule  will  be  P-B;  rule  C-3  does  not  apply  in  U.  Thus  the 
present  rules  will  generate  the  following  U  formsi: 


stem 

2  Sg 

3  Sg 

1  PI 

2  PI 

pas- 

pasds 

paSe'(t, ) 

pasemd 

pasete 

pis+a- 

pfSeS 

p»de(t, ) 

pasemo 

pisete 
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In  BR  the  late  phottetiG  rules  will  be  P-Gl  and  P-C2.  Thus  the  present  rules  will 
generate  the  following  BR  toxins  : 

*<  ps  -  n,  as  i  eS  asi  , )  n,  as ,  pm  n,  as ,  ac  >  P' 

G.  H,  Matthews,  Ti  Mi  l4ghtner 
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D.  DiSGONTINUOUS  ONE-^WAY  GRAMMARS 

Chomsky^  defines  a  class  of  grammars  each  Of  which  contains  a  finite  number  of 
rules  Of  the  form  XiAx2  •  Xi‘^X2»  where  A  is  a  single  symbol,  and  w  #  ii  Such  gramniars 
are  called  eOntext-sensitive  phrase  structure  (CS)  grammars.  Context-free  phrase 
structure  (CP)  grammars  are  a  subclass  of  GS  grammars  for  which  all  of  the  rules  are 
of  the  form  A  i.  e. ,  Xj  snd  ure  always  nulL  A  sequence  of  strings  <)>2'  •  •  • ' 
<t>j^)  is  called  a  ^’derivation  of  a  grammar  G  if  9  =?  and  for  each  i  (!<  i<n)  there  are 
strings  A,  Xi»  Xz’  '^1'  't'2  Sueh  that  9^  ^  +1  XiAx2l'2'  ^  'I'  l  XiWX24'2^  and 

X  j  Ax2  ”  Xi  WX2  ^  language  Lq  is  the  set  of  strings  that  dp  not  contain 

nonterminal  symbols  and  conclude  S-deriyations  of  the  grammar  G,  §uch  a  string  is 
called  a  sentence  of  Lq. 

CONVENTION  1 :  By  is  meant  a  string  to  that  is  n  symbols  in  length,  or  that 
is  initial  and/or  final  in  a  string,  i.  e. ,  follows  and/or  precedes  #,  and  not  greater  than 
n  symbols  in  length. 

DEFINITION  1;  (a)  A  left^to-right  (L-R)  (j)-deriyation  is  a  9-derivation  in  which 

and  xj  given  above  are  always  strings  of  terminal  symbols,  i,  e. ,  9.  =  yxAx»|',  = 
yKtox^,  and  xAx  ’•^wx  ia  a  rule  of  the  grammar- 

(b)  A  right-to-left  (R-L)  9-deriyation  is  a  9’derivation  in  which 
X2  and  +2  given  above  are  always  strings  of  terminal  symbols,  i.  e.,  =  tj^Axy,  9^^^  - 

((x^^y,  and  xA*  “  x^  ^  rule. 

PEFINITION  2:  (a)  An  L-R  grammar  is  pne  whose  rule  applications  are  restricted 
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so  tliat  ail  of  ifs  def ivafions  af 6  L-R  derivafiOnSi 


(«R)  Ari  R-L  gFainmaf  is  one  whose  rule  applioations  are  restrieted 
so  that  all  of  its  derivations  are  R-L  derivations  ^ 

(ei  A  one-way  gratninar  is  either  an  L-R  grarniSiar  or  an  R-L 


granarnar. 

DEFINITION  i:  (a)  A  right  discontinuous  (Rp)  rule  is  one  of  the  form 
nj  n,  n^ 

j  o^. .  •  “mX2'  where  m  »  1  and  n^  »  0  (IsSi^m)i  A  rule  Of  this  type  rewrites 

a  string  of  the  form  “i“2‘^2-  •  ‘  ®m-i“m^m'!'2‘  where  (IsSiiSm), 

and  for  Some  =  “l“2'  ’  ■“m‘^2  ~  X2'’’- 


(hi  A  left  disGOntinuous  (LD)  rule  is  One  of  the  form  X2^X2  ^ 

*m  ®2 

y  ■  .  i  i  ~^a—  y^,  where  m  1  and  m  0  (ISi^m).  An  LD  rule  rewrites  a  string 

m  m-1  1  1  (n  ) 

of  the  form  i|)jU)Ax2'p2  '•^t®m“m“m-l^m-l’ ‘  ‘  "2®2“l^^^^^^^  where  ^  (i«i«mL  and 

for  Some  Ti  4/jio  =  +2;“jn“m.-l‘ '  ’"l 

Note  that  the  rules  defined  hy  Chomsky^  are  special  cases,  both  of  RP  rules  and  of 
LP  ruieS)  i.  e. ,  those  in  which  n^  =  G  (iiSi^m). 

PEFINlTION  4‘.  (a)  An  RP  grammar  is  a  iphrase  Stf UCture  grammar  that  cphtains 
just  RP  rules  . 

(b)  An  LP  grammar  is  One  that  contains  jjiSt  LP  rules. 

lit)  A  diseoiitinuouS  grammar  is  either  an  Rp  grammar  Or  ah  LD 

grammar. 

PEFlNITiON  §:  A  discontinuous  pne‘..way  grammar  is  either  an  L^R  RD  grammar 
or  an  R-L  LP  grammar, 

The  follpwing  theorems  and  cproiiaries  have  been  proved. 

THEOREM  1:  For  each  dissontinuOus  one-way  grammar  there  is  an  equivalent  GF 


grammar, 

2 

Proof  is  by  reduction  to  a  push- down  storage  automaton  (PPS), 

COROLLARY  I’,  For  each  CF  grammar  —  and  thus  for  each  PPS  there  is  an  equiv¬ 
alent  nondeterministic  FDS  eontaining  just  three  types  Pf  instructions  in  addition  to  a 
single  initial  and  a  single  final  instruction.  For  each  terminal  symbol  a  of  the  grammar 

the  PPS  has  the  instruction  (a.S, , a)  -^(S,,(r)i  for  each  nonterminal  symbol  A  the  PpS  has 

A  A  A 

the  instruction  (e,  S,,  A)  -»(S  ,  <r),  and  for  each  rule  of  the  grammar  A  —  wthe  PPS 
^  A 

has  the  instruction  (e,  s  ,  e)  ^(Sj,  w),  The  initial  and  final  instructions  are  (e,  Sq.c) 

(Sj,  S)  and  (e.  S^, o-)  (Sq, r),  respectively. 

COROLLARY  2:  Given  any  discontinuous  one way  grammar,  there  is  an  algorithm 
for  Gonstructing  an  equivalent  CF  grammar, 

theorem  2:  For  each  discontinuous  grammar  there  is  an  equivalent  CS  grammar. 

G,  H.  Matthews 


QPR  No,  68 


194 


(XXH.  IMGUISTICS) 


Referenees 

li  N.  Chomsky,  On  eertain  formal  propertifes  of  grammars.  Information  and 
Gomroil,  137-167  (1959)^ 

Zi  N.‘ Chomsky,  Formal  properties  of  grammafs.  Handbook  of  Mathematical  Psy¬ 
chology,  yol,  2,  edited  by  Ri  R*  Bush,  E,  Hi  Galanter,  and  R>  D.  Luce  (John  Wiley 
atid  sons ,  Me . ,  New  York,  in  press) . 


Ei  CHILDREN'S  GRAMMAR 

In  describing  children's  grammar  there  are  three  objeetives  that  Seem  most  impor-p 
tanii  The  first  of  these  is  to  be  able  tO  examine  language  at  partiGular  times  in  its  devei® 
opmont  as  a  self-contained  system.  The  Second  is  to  be  able  to  describe  the  changing 
processes  of  this  system  as  the  child  matures.  The  third  and  most  important  is  to  gain 
some  insight  into  the  basic  capacities  of  the  child  to  understand  and  produce  language. 

Most  Studies  of  ohildren's  grammar  have  measured  the  percentage  anh  proporatien 
of  what  has  been  termed  'adult  usage'  in  the  child's  language.  ^  Such  aspects  as  com- 
pieteness  of  sentence  strueture  and  sentence  leagdi  were  the  focus  of  these  studies-  I 
felt  that  Such  an  approach  would  not  contribute  to  reaching  the  objectives  stated  above. 

For  ^ese  reasons^  in  this  research  program  a  transformational  model  of  grammar  was 
used  to  describe  a  children's  grammar.  This  technique  allows  us  to  describe  the  rules 
or  categories  from  which  the  child  may  generate  the  sentences  m  his  ianguage,  This 
grammar  is  analogous  to  a  Categorization  theory  of  learmng.  The  rules  formulated  for 
generating  possible  sentences  in  a  language  are  the  categories  of  grammatical  structure 
in  the  language  (the  negative  sentence,  the  imperative  sentencei  etc-  )-  It  is  hypothesized 
that  the  attributes  of  a  ^ven  category  are  memorized  and  the  Child  can  then  produce 
new  instances  of  the  category. 

1,  Method 

The  language  of  159  children  ranging  in  age  from  ?  years,  10  months  to  7  years,  1 
month  was  elicited  and  recorded  in  various  stimulous  situations:  (a)  responses  to  a  pro¬ 
jective  test,  (b)  conversation  with  an  udult,  and  (c)  conversatipn  with  peers.  The  lust 
two  situations  took  place  both  in  controlled  and  in  free  (classroom)  environments.  The 
language  sample  produced  by  each  child  was  analyzed  by  using  the  transformutional 
model.  A  grammar  was  written  which  contamed  rules  to  produce  all  of  the  sentences 

3 

in  the  tptal  language  sample. 

2-  Results 

It  was  found  that  all  of  the  basic  structures  that  generated  all  of  the  sentences 
obtained  could  be  described  within  the  framework  of  the  transformational  grammar. 
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Almost  all  ef  the  strUctuf  es  used  by  adults  to  generate  their  Sentenees  were  fbund  in 
the  grammar  of  the  youngest  children  (youngest  4-meinth  age  range)*  Structures  that 
are  noaGbnsistent  with  adult  USe  Cf  rules  OGCurred  infrequently*  These  were  termed 
Structures  restricted  to  a  children's  grammar*  There  were  few  significant  differences 
in  the  usage  cf  ail  structures  by  mEdes  and  females  or  by  children  whose  I.  Q.  is  above 
or  below  the  mean  I*  Q.  of  the  sample  population* 

It  was  also  found  that  mpst  of  the  structures  were  used  at  an  early  age  and  used  con¬ 
sistently*  Most  of  the  structures  that  were  still  in  the  process  Of  ibeing  acquired  by  the 
youngest  group  were  also  still  in  the  process  of  being  acquired  by  the  oldest  group  (first~ 
grade  children).  There  Was  a  steady  increase  in  the  percentage  of  children  using  the 
various  structures  as  they  matured* 

A  subsample  of  the  population  was  presented  with  sentence  examples  of  the  various 
Syntactic  structures  taken  from  their  own  language  sample  and  asked  to  repeat  these 
sentences  after  the  experimenter. 

These  examples  consisted  of  a  set  of  sentences  exemplifying  transformations  found 
in  both  children' s  and  adults'  graffimar  and  a  set  of  sentences  exemplifying  structures 
restricted  to  a  children's  grammar*  This  study  was  undertakento  determine  the  differ* 
enceSi  if  any,  between  the  production  Of  language  and  innate  capacity*  It  was  found  that 
success  in  repetition  was  not  Gorreiated  with  sentence  length  at  all  but,  rather,  with 
the  SpeGific  structure  of  the  sentence*  Also,  it  Was  found  that  although  these  children 
produced  the  restricted  structures  in  their  spontaneous  language,  they  corrected  these 
forms  when  asked  to  repeat*  Significantly  more  of  the  youngest  children  corrected  these 
structures* 


3.  Additional  Data 

One  developmental  trend  observed  in  this  analysis  of  children's  grammar  was  the 
use  of  alternate  rules  by  the  same  child.  That  is,  the  children  generate  their  sentence 
from  rules  that  conform  with  adult  use  of  rules,  and,  simultaneously,  from  rules  that 
are  restricted  to  a  children's  grammar.  For  example,  some  chiidren  under  3  years  of 
age  use  the  rule; 

pronoun  ■♦*  singular  +  first  person  in  the  context  subject  or  object  becomes  me, 

("Me  have  this  one*  ") 

Simultaneously,  they  use  the  rule: 

pronoun  +  singiUar  +  first  person  in  the  context  subject  becomes  T 
("I  like  that.  ") 

It  was  found  that  the  use  of  alternate  rules,  on  the  whole,  gradually  declines  from 
the  beginning  age  range  of  the  sample  population  to  its  end,  However,  the  specific  rules 
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thal  are  aliernated  change  through  this  age  period  as  the  children  mature.  For  exainpiei 
contraction  deletion  (''1  going  tO  the  rttOVieSi  accounts  for  a  significant  number  of  the 
restricted  forms  at  the  youngest  age  level  but  not  at  the  oldest.  On  the  other  hand,  tensei 
restrietion  in  conjunction  (''They  get  mad  atid  then  they  pushed  him.  aGcountS  for  a 
significant  number  of  the  restricted  forms  at  the  oldest  age  level  but  not  at  the  youngest. 
These  data  may  give  us  further  insight  into  the  notions  of  simplicity  or  complexity  of 
children's  grammar  and  the  conCepfS  of  differentiation  and  integratiDrt  in  language 
learning. 

Paula  MenyUk 
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F,  THEOHETICAL  iMPLlCAfiONS  OF  BLOOMFIELD'S 
"MENOMINI  MORPHOPHONEMICS" 


At  least  two  publications  written  during  the  final  decade  Of  Leonard  Bloomfield's 

career  contain  extensive  Use  of  ordered  descriptive  rules:  "Menomini  MorphOpho- 

1  •  2 
nemics"  and  the  first  four  chapters  of  "Eastern  Ojibwa.  " 

"Menomini  Morphophonemics"  (MM)  is  a  well-known  example  of  experimentation 

with  synchroniG  morphophonemic  rules.  Bloomfield  emphasizes  that  the  rules  occur  in 

a  purely  descriptive  order,  but  the  form  of  the  rules  and  their  application  demonstrate 

a  limited  notion  of  the  concept  "rule,  "  and  unavoidably  refleet  hiS  comprehensive  under- 

3  ' 

standing  of  historical  Algonouian- 

1 .  The  Form  of  the  Rules  and  the  Order 

The  morphemes  are  written  in  morphophonemes  and  constitute  the  "basic  forms" 
of  the  language,  the  input  to  the  morphophonemic  syStem.  These  basic  forms  are  com¬ 
bined  and  then  transformed  to  phonemes  by  the  morphophonemic  rules. 

The  rules  are  of  the  form: 

(  r)  A  -*  B  in  the  environment  C 

and  are  generally  classed  according  to  the  environment  C,  not  according  to  the  process 
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A  B  or  to  th6  units  that  intef  aet  in  that  process^  A*  Bi  In  other  words>  rule  (1)  can 
be  eornbined  only  with  a  rule 

(2)  P  ■*  Q  in  the  environment  G 

Thus  a  numbered  rule  consists  of  many  processes  or  subrules  that  all  Oosur  in  the  same 
environment: 

13)  Rule  N:  a)  A  *  B 

b)  P  -  Q 

■  '  ‘  in  environment  G 

n)  k  *  i 

It  can  be  shown  that  the  subruies  of  N,  (a^  ^  *  n)  often  must  apply  simuitaneously,  i.  e.  > 
if  applied  in  any  order,  the  output  is  incorrect.  In  the  only  case  in  whioh  different  proc¬ 
esses  must  be  orderedj  even  though  they  occur  in  the  same  environment,  they  are  written 
as  two  separate  numbered  rules. 

The  general  conclusion  drawn  from  these  eharacteristics  of  the  rules  is  that 
Bloomfield  was  working  with  a  series  of  or.dered  environments.  For  instaace,  the  same 
process  is  Written  in  two  Separate  rules  only  because  the  rules  have  different  environ¬ 
ments.  Rules  (4)  and  (5)  are  presented  as  disjoint  because  the  environments  are  dis^ 
joint,  although  it  is  just  that  characteristic  that  should  allow  diem  to  be  combined: 


(  4  )  R  S 

in  eny. 

X 

(i)  R  ^  S 

in  env. 

Y 

A  rule  of  the  form  (4+5)  was  not  an  alternative  for  Bloomfield. 

(4+5)  R  s-  S  m  eny. 

The  constraint  that  does  not  allpw  rules  of  the  type  (4+5)  limits  the  power  of  any 
simplicity  criterion,  Since  rules  are  combined  by  common  environments  only,  the  goal 
of  descriptive  simplicity  in  MM  would  have  the  effect  of  minimizing  the  number  of  envi¬ 
ronmental  statements,  hut  the  number  and  ordering  of  the  processes  within  the  ordered 
environments  would  be  immaterial  to  the  grammar,  The  resulting  system  is  redundant 
because  environinents  often  cannot  be  ordered  when  the  processes  occurring  within  those 
environments  might  be  ordered  to  great  advantage. 

In  spite  of  these  limitations,  Bloomfield  presented  ordering  depths  of  at  least  five 
rules,  apparently  operating  with  the  goal  of  minimizing  the  total  of  numbered  rules,  that 
is,  the  number  of  environments.  Efforts  to  reduce  this  number  by  reordering  the  MM 
rules  have  very  little  effect. 
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2.  Siinplificatioh  of  the  MM  System 

The  Menpmini  mofphophohemie  system  as  presented  in  MM  can  be  significantly 
simplified  if  different  environments  with  processes  in  common  may  be  combined.  For 
example,  if  rules  of  the  type  (4+5),  as  well  as  of  the  type  (3),  are  allowed,  the  original 
MM  vowel  assimilation  subsystem  Can  be  reduced  from  33  process  statements  to  24 
without  the  invention  of  any  new  statenients.  Reordering  and  combinations  make  the 
existing  system  redundant  so  that  9  statements  may  be  deleted, and  no  new  ones  need  be 
added.  If  new  rules  of  the  same  type  are  devised  (still  by  using  phonemic  notation)  the 
assimilation  system  can  be  further  reduced  to  13  statements. 

The  general  applieatioa  of  these  synGhronic  methods  to  the  entire  MM  morphopho- 
nemic  system  halves  the  nunaber  of  process  statements,  decreases  the  number  of  morpho- 
phonemes  from  26  to  i  8,  and  leaves  the  total  number  of  different  environment  statements 
imchanged.  These  simplifications  of  the  MM  system  are  based  entirely  on  considerations 
that  are  internal  to  the  synchronic  description  of  the  Menomini  language. 

Certain  problems  with  general  implications  for  the  construction  of  morphophonemic 
systems  are  raised  by  Menomini.  A  general  high-vowel  assimilation  system  is  described: 


(6)  y  +  f 
w  +  5 

y  +  « 

w  +  « 


11 


e 

y  +  e 

^  i 

o 

w  +  e 

««  i 

e 

y  +  |e 

^  i 

0 

w  +  ae 

I 

ail  in  environment  C 


Here,  column  I  shows  progressive  assimilation  with  respect  to  gravity,  column  n  pro*' 
gressive  assimilation  with  respect  to  diffuseness.  These  facts  would  be  easily  describ- 
able  were  it  not  for  the  fact  that  the  affected  vowels  in  column  I  are  /*,  e/  and  in  Column 
II  /«,  e/,  Short  /ae/  acts  with  long  /e/  and  long  /*/  with  Short  /e/.  This  grouping  can  be 


described  in  features  (the  Menomini  vowel  system  is  a  quadrangle): 


(7) 


along 

Pcompact: 

^^ave 


column  I:  o  =  ~  p 
column  11:  a  =  p 


But  there  is  no  way  to  differentially  describe  the  processes  in  columns  I  and  II,  except 
by  writing  two  separate  rules,  one  for  the  case  o  =  ~  p  and  the  other  for  the  case  a  =  p. 
At  best,  this  would  introduce  a  new  technique  into  the  system.  If  /e/  and  /«/  are  first 
exchanged  in  this  environment,  the  system  would  become 

(8)  U  H'  _ 


y  +  f 

-•  e 

y  +  « 

L 

w  +  e 

b 

W  +  ae 

^  i 

y  +  e 

!•  e 

y  +  « 

^  i 

w  +  o 

^  0 

W+  ae 

i 
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The  desGf  iptive  rules  would  be 
{9) 


[-  Gompact] 

[+  ebmpaGt] 

(a  later  general  rule  deletes  the  semivowels). 


1' 

II' 


1 

-voc 

—  :[o  grave]  ] 

1  . 

-eons 

][+  diffuse]  j 

r  in  env. 

ograve; 

To  exchange  ,/e/  and  /ae/  in  phonemic  notation  would  be  extremely  GUmbeTsomei 


although  possible  ii  it  were  required  that  aU  subruies  Of  a  numbered  rule  apply  simul*^ 
taneOusly.  Since  Bloomfield's  system  must  have  that  requifementi  he  GOuld  have  written 
a  rule: 


(10  ,)  a)  e 

b  )  ae 


As  long  as  (rOa)  and  (lOb)  apply  Simultaneously,  there  will  be  an  exchange  between  /e/ 
and  /ae/i  But  if  the  rules  are  Ordered,  then  both  /e/  and  /ae/  will  end  up  either  as  M 
(order:  aib)  Or  as  /a^  (orders  b,  a).  A  third  element  B  that  is  discrete  from  all  Of  the 
eiements  at  this  point  in  the  system  must  be  introduced. 


(11)  a)  e 

b)  ae 

c)  B 

In  distinctive 

(1 2)  a)  Compact]  *►  [+  compact]  t  *^voc  1  f  +voc  1 

b)  [+cpmpaetj  -  {-compact]  i+cons]  L^ConsJ  [-gravej 

This  would  produce  the  Same  problem  as  (10)„  but,  by  using  the  variable  pi  rules  (12a) 
and  (12b)  may  be  combined  so  that  effectively  they  occur  simultaneously. 

(13)  [p  compact]  [•^p  compact]  in  env.  (12) 


■  ae 

features  (10a)  and  (lOb)  would  be 


This  has  made  use  of  the  existing  convention  that  ~  +  =  -r  and  --»  =  +,  also  used  for  some 
cases  of  assimilation,  ^ 

For  correct  syllable  syncope  in  the  lengthening  of  vowels  and  for  correct  vowel 
raising,  in  certain  positions  glottal  stop  must  be  interpreted  as  V?V,  After  the  vowel 
length  and  height  rules  are  applied,  the  introduced  vowels  surrounding  the  glottal  Stop 
are  deleted,  Thus  there  are  two  rules 


(14)  m)  ?  ^  V?V 

n)  V?V  -  ? 

which  dramatically  simplify  the  length  and  height  systems  intervening  between  (14m)  and 
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( i4n) .  Unless  a  more  thorough  exIUUinatioh  Of  Menomini  shows  this  to  be  Unheoessaryi 
it  will  remain  an  example  of  the  addition  and  exact  deletion  Of  seghiehts  within  the  nlor- 
phophonemiG  grammar . 

3.  Evaluation  of  the  SirnplifiGations 

Is  it  possible  to  motivate  the  simplifications  disGusSed  above  other  than  fay  the  crite¬ 
rion  Of  orthographiG  efficiency?  The  Simplifications  are  in  accord  with  the  principle  of 
descriptive  simplicity  but  this  iSj  at  best,  only  an  indication  Of  the  efficacy  of  the  sim- 
plificationsi  It  is  important  to  show  that  the  new  simplified  system  Satisfies  criteria 
Other  than  that  of  simplicity  itself. 

Although  no  criterion  is  formally  proposedi  there  are  certain  comments  by  Bloomfield 

which  imply  (perhaps  unintentionally)  an  indicator  of  the  aGCuracy  and  uSefiUness  Of  any 

descriptive  system  of  ordered  rules.  This  indicator  is  the  similarity  of  the  mOrphOphO- 

nemes  and  early  rules  of  the  synchronic  deSGription  Of  a  language  to  the  corresponding 

'5 

forms  in  the  reconstructed  proto-ianguage. 

Bloomfield  divides  the  morphophonemic  System  into  two  parts,  (a)  the  morphopho- 
nemes  and  the  first  is  rulesi  and  (b)  the  last  17  rules.  He  pbints  out  that  the  rules  of 
the  latter  Subsystem  ''approximate  the  historical  development  from  Proto-AigOnquian 
to  present-day  Menomini.  "  Expanded  as  a  general  Statement,  this  Suggests  that  the 
mechanism  of  diachronic  lingUiStlG  change  is  Simply  the  orderly  addition  of  new  rules  to 
the  grammar.  Bloomfield  confirms  this  implicatipn  by  noting  that  the  early  Subsystem 
of  MM  resembles  the  early  subsystem  Of  the  ancestor  language,  reconstructed  Proto- 
Algonquian.  The  rules  added  to  describe  diachronic  change  must  be  affixed  to  the  end 
of  the  grammar,  and  the  mOrphophonemes  and  the  rules  at  the  beginning  of  the  morpho- 
phonemic  system  should  remain  unaffected  over  long  periods  of  time.  Thus  the  correct 
description  of  a  language.  baSed  only  on  synchronic  data,  according  tO  this  view,  should 
incidentally  display  morphophonemes  and  early  rules  identical  with  those  of  the  parent 
langnage. 

4,  Gomparison  of  MM  and  the  Simplified  System  with  Froto-Algonquian 

The  morphophonemes  and  early  rules  presented  in  MM  "bear  some  resemblance" 
to  the  corresponding  systems  of  Proto-Algonquian.  and  indicate  that  this  early  subsystem 
has  remained  fairly  constant.  If  the  synchronic  simplifications  of  MM  are  correct 
improvements,  then  the  early  subsystem  ot  the  simplified  description  should  show  an 
improved  resemblance  to  the  eorresponding  Proto- Algonquian  forms  and  rules.  Gonsider 
the  following  comparisons  of  the  forms  and  rules  of  ProtO-Algonquian  and  the  Menomini 
system,  as  presented  in  MM  and  also  as  simplified  by  synchronic  descriptive  techniques. 

The  short  vowel  and  semivowel  system  of  Proto-Algpnqman  analyzed  by  Bloomfield 
from  four  Algonquian  languages  has  four  vowels: 
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This  system  in  MM  is  much  more  Gomplicated: 

(16)  fe  6,  u  Wij 

3  *  a 

A  measure  of  the  cOmpUcatiori  is  that  the  transformatiph  Of  (15)  to  (16)  would  require 
extremely  intricate  cGrrespondence  rules  <  But  the  simplifications  of  (16)  based  Only 
On  synchronic  considerations  reduce  it  to  a  new  four -vowel  system: 

(17)  e  o 


This  system  iS  essentialiy  the  same  as  the  PrOtO-AlgOnquian  SyStemi  System  (1 6)  can 
be  transformed  to  system  (17)  by  the  addition  oif  one  sample  rule; 

(18)  r  ^  grave 

la  diffuse 

whioh  demonstrates  that  the  morphophonemes  of  the  improved  system  are  much  more 
Similar  to  the  Proto -Algonquian  forms  than  are  those  presented  m  MM. 

Now  observe  the  correspohdeaces  among  some  early  rules.  Proto-Algonquian  has 
the  rule; 


(19)  a)  t 
b)  e 


in  environment^  i 


The  reflex  of  this  rule  In  MM  is 


(20)  a)  t  ^  e 

,  .  1  in  environment 

b  J  n  -»  s  ^  -  ,  -  -  ^ 

where  (19a)  and  (20a)  correspond,  but  (I9b)  and  (20b)  and  the  environment  are  dissimilar 
A  correspondence  rule  would  have  to  change  /O/  to  /n/  and  /i/  to  /e.  e,  y/.  In  the  sim¬ 
plified  Menomini  system  the  rule  is  interpreted  as 


'  '  ,(  Q  >  in  environment e 

b)  0  S 

If  rule  (18)  is  applied  to  the  Prpto-Algonquian  system  (19),  it  becomes  identical  with 

(21), 

The  morphophoneines  and  early  rules  of  the  simplified  synchronic  deseription  of 
MM  resemble  the  corresponding  forms  of  Frotp-Algonquian  more  closely  than  dO  those 
of  the  unsimplified  system  in  MM.  Thus  the  application  of  the  synchronic  methods 
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resulted  in  a  descriptidn  of  MehOniini  which  is  implied  but  not  fully  realized  by 
Bloomfield. 

Ti  G.  sever 
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reseArgh  gbjegtives  And  summary  of  REsEARGH 

Our  basic  obijeetive  is  a  better  understanding  of  the  communication  senses .  Hearing, 
in  particuiar,  will  continue  to  receive  our  major  attention. 

A  number  Of  experimentai  studies  are  aimed  at  increasing  our  knowledge  of  die  neural 
coding  of  sensory  stimuli  i  These  include:  recording  from  Single  nerve  Cells  located  in  the 
accessory  olive  of  the  cat  under  conditions  of  binaural  stimuiatiOn;  patterns  Of  single-unit 
activity  in  the  cochlear  nucleus  of  cat  in  relation  to  the  sound  stimulus  and  anatomicai  lo¬ 
cation  of  the  unitj  unit  responses  from  the  lateral  geniculate  body  of  the  rat  to  patterns  of 
light  and  shadow  in  the  visual  field.  Stui^es  of  ’‘©hgoing"  activity  also  continue  to  be  of 
interest,  a  study  of  conditioning  of  the  bullfrog's  heart  rate  by  sound  stimuli  is  aimed  at 
determining  which  sounds  get  coded  into  this  animal's  auditory  system  and  at  hiS  behav- 
ipral  responses  to  natural  and  unnaturai  soimds. 

In  a  number  of  electrophysioiogical  stutHes  we  are  attempting  to  correlate  neUrpeiec- 
tric  activity  with  physiological  State.  These  include:  behavioral  studies  of  rats  with  gross 
electrodes  recording  froni  loeations  on  and  in  their  sensory  pathways;  studies  of  neuro- 
eleetric  activity  recorded  from  Cats  in  different  stages  of  sleep  and  wakefulness;  studies 
in  xinanesthetized  cats  with  brain  Stem  sections  of  cortical  responses  to  shocks  delivered 
to  the  sensory  pathways;  and  studies  of  the  oliyocochlear  bundle. 

The  development  of  mathematical  models  closely  related  to  neurophysiological  mech¬ 
anisms  is  a  major  effort  of  the  group.  In  this  category  are  the  foilowmg  mpdeling  studies: 
coding  of  auditory  signals  as  patterns  of  neUral  impulses  in  the  eighth  nerye;  mechanisms 
of  some  features  of  binaural  localization;  some  iimitations  on  au<Rtory  discriminatiph 
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Imptied  by  tbe  nature  of  peripheral  cdding;  and  ''bhgoing"  adtivi^  of  single  Units. 

Psychophysical  studies  form  an  inapoftant  adjunct  to  the  physiolcgicai  and  modeling 
worfci  These  include  studies  of  judgments  of  various  binaural  patterns,  and  of  discrimina- 
bility  of  noiselike  Signals . 

Considerable  instrumentation  is  involved  in  our  experhaaental  work,  in  presentation  of 
stimuli,  reGOrding  and  processing  of  neuroelectrical  signals,  and  physiological  monitoring 
of  the  animals.  Design  of  instruments  ranging  from  telemetering  systems  to  mixer 
amplifiers,  from  real-time  correlators  to  heart-rate  meters,  from  distal  devices  for 
generating  preeisely  controlled  sounds  to  sacks  for  restraining  cats  are  an  important  and 
indispensibie  part  of  our  effort. 

Close  ceoperation  with  the  Eaton-Peabody  Laboratory  of  the  Massachusetts  Eye  and 
Ear  Infirmary  and  with  various  groups  at  Lincoln  Laboratory,  M.LTi,  contmues  to  play 
a  crucial  role  in  our  work^  In  partiGular,  we  anticipate  a  number  of  important  applica¬ 
tions  for  the  LING,  a  Laboratory  Instrument  Computer  of  considerable  generality  and 
utility,  developed  at  Lincoln  Laboratory  under  the  leadersMp  Of  Wesley  A .  Clark  and  with 
the  collaboration  of  several  Lincoln  Laboratory  staff  members,  the  engineering  assist¬ 
ance  of  Lti  Charles  E;  Molnar  of  Air  Force  Gambridge  Resecmch  Laboratories,  and  the 
aid  of  members  of  the  Research  Laboratory  of  Electronics . 
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A.  binaural  interaction  in  SINGLE  UNITS  OF  THE  ACCESSORY  SUPERIOR 
OLIVARY  NUCLEUS  IN  CAT 


There  has  been  conjecture  as  to  the  physiological  mechanisms  associated  with  the 

1-3 

localization  of  sounds  in  space,  and  a  number  of  models  have  been  proposed.  How¬ 
ever,  there  were  meager  electrophysiological  data  on  the  behavior  of  single  units  until 

A 

the  work  of  Galambos,  Schwartzkopff,  and  Rupert,  and  even  that  Study  was  far  from 

exhaustive.  Psychophysical  experiments  with  humans  indicate  that  the  difference  in 

time  of  arrival  of  the  stimuli  at  the  two  ears,  the  difference  in  intensity  of  the  stimuli 

at  the  two  ears,  and  the  average  intensity  (average  of  intensity  at  left  and  right  ears 

expressed  in  decibels)  are  all  influential  in  determining  the  apparent  position  of  a  sound 
5-7 

source,  Also,  these  experiments  indicate  that  human  observers  are  capable  of 

8 

detecting  extremely  small  interaural  time  differences  (of  a  few  microseconds),  and 

Q 

extremely  small  interaural  intensity  differences  (of  a  few  tenths  of  a  decibel). 

In  an  attempt  to  obtain  electrophysiological  data  that  are  pertinent  to  a  better 
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understanding  Of  the  neurophysiology  Of  binaurM  localization,  we  are  investigating  the 
electrical  activity  of  single  nerve  Cells  in  the  aCGesSOry  ttuCleUS  of  the  superior  olive 
in  cats  under  conditions  of  binaural  stimulationi  AnatOtniCal  and  electrophysiologicai 
considerations  indicate  that  this  is  a  reasonable  place  in  which  to  look.  As  far  as  is 
known,  the  accessory  nucleus  is  the  nioSt  peripheral  station  in  the  classical  ascending 
audiloiy  pathway  to  receive  inputs  frona  both  ears.^®  Previous  electrophystoiogical 
studies  have  demonstrated  the  existence  Of  neurons  in  the  accessory  nucleus  which  are 
extremely  sensitive  to  small  changes  in  interaural  time  difference,  we  have  recorded 
from  several  hundred  cells  in  the  accessoiy  nucieuSi  giving  major  attention  to  the  ques¬ 
tion  of  binaural  interaction^  A  summai^  Of  our  present  results  iS  given  here.  A  model 
is  suggested  which  is  in  agreement  with  some  aspects  of  binaural  localization  of  Sounds 
in  both  Cats  and  humans^ 

1;  Methods 

We  have  used  as  stimuli  clicks  presehted  through  earphones  ^  Clicks  have  the  desir¬ 
able  feature  of  being  punctate  in  tinae.  Earphones  provide  independent  control  of  inter- 
aural  time  and  intensity  differehces,  which  is  not  possible  with  free-field  stimulation. 
Clicks  are  produced  by  appiyiag  ioo-iisec  rectangular  voltage  pulses  to  pdr-16  ear’- 
phones . 

We  have  tried  several  kinds  of  microeiectrodes  and  have  settled  on  an  etched 
stainless>-steel  electrode^  The  etching  and  insulating  procedure  is  essentially  the  same 
as  that  described  by  Brown  and  Tasaki,  but  We  also  plate  the  tip  of  the  electrode,  first 
with  copper  and  then  with  piatinum  black. 

An  anesthetized  (Dial)  cat  is  in  a  soundproof,  electrically  shielded  chamber.  We 
position  the  electrode  on  the  Ventral  surface  of  the  medulla*  using  the  rack  and  pinion 
controls  of  a  stereotaxic  instrument.  The  electrode  is  advanced  by  means  of  a  hydraulic 
micromanipulation  system  from  outside  the  soundproof  chamber.  As  the  electrode  is 
advunced,  we  present  the  cat  with  a  stimulus  consisting  of  clicks  at  approximately  -50  db 
relative  to  4  volts  across  the  earphones  (approximately  50  db  relative  to  visual  detection 
level  of  the  slow  potential  observed  in  the  accesspry  nucleus)  with  an  interaural  time 
interval  of  25  msec  and  an  over-all  repetition  peripd  of  approximately  300  msec,  At 
the  same  time.  We  monitor  on  an  oscillpscope  the  electrical  activity  picked  up  by  the 
electrode. 

The  position  of  the  electrode  tip  relative  to  the  accessory  nucleus  is  determined  by 
one  or  more  of  the  fpllowing  methods;  (a)  We  measure  the  depth  of  penetration  of  the 
electrode  from  the  surface,  (b)  We  measure  the  position  of  the  electrode  relative  to 
the  depth  at  which  the  slow-wave  potential  reverses  polarity  (see  below),  (e)  In  some 
cases  we  have  marked  the  electrode  position  by  passing  a  current  through  the  electrode, 
with  subsequent  histological  control.  As  far  as  we  have  been  able  to  determine,  the 
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herVe  Gelis  that  exhibit  binaural  intera&tion  are  located  in  Or  near  the  accessory  nucleus. 

We  have  taken  as  a  tneasuf e  of  unit  activity  the  per&entage  of  stirnulus  presentations 
to  which  the  unit  responds  at  least  once.  We  determine  this  by  presenting  a  given  num-- 
her  of  stimuli  (usually  50)  and  counting  the  number  of  stimulus  presentations  to  which 
the  unit  responds.  In  most  of  the  caseS  this  has  been  On-line  by  means  of  a  level  dis¬ 
criminator  and  eieotronic  counter^  In  a  few  cases  we  have  reeorded  the  responses  on 
magnetic  tape. 

2 .  ^Results 

As  the  electrode  iS  advancedi  we  see  two  distinct  kinds  of  electrical  activity.  One 

,  _  .  .  -  -  4  . 

is  what  Oaiambos  and  his  co-workers  have  termed  the  "slow- wave"  potential  ;  the  other 
is  Spike  responses  from  individuM  nerve  ceiis.  ihe  slow-wave  potential  follows  the 
pattern  described  by  Galambos,  and  others^  Ventromedial  to  the  accessory  nUcieuSi 
stimulation  of  the  contralateral  ear  evokes  a  negative-going  slow  wave>  and  stimulation 
of  the  ipsiiateral  ear  evokes  a  positive-going  slow  wave.  Dorsolateral  to  the  accessory 
nueleuSi  the  polarities  are  reversed.  While  this  slow  wave  mayi  in  some  sense^  rep¬ 
resent  the  excitation  for  cells  in  the  accessory  nucleuSi  we  have  not  attempted  to  study 
in  detail  the  interaction  between  slow  wave  and  unit  activity.  We  have  been  interested 
in  the  slow  wave  only  insofar  as  it  provides  an  indication  of  the  position  of  the  electrode 
relative  to  the  accessory  nucleus. 

We  have  observed  firing  patterns  of  cells  showing  many  sorts  of  binaural  interaction. 
We  shall  mention  briefly  two  kinds  of  interaction.  Some  cells  show  summation  ih  that 


Fig,  xxiil-l,  Gell  showing  summation  of  stimuli  to  two  ears,  (a)  Monaural 
intensity  series,  (b)  Effect  of  interaural  time  difference.  F 
is  relative  frequency  of  firing  measured  over  50  stimulus  pres¬ 
entations  at  a  rate  of  ~3  per  second;  is  time  difference 

between  clicks  in  left  and  right  ears. 
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if  the  stitnuii  are  presented  simiiltanebusly  to  the  twb  ears  they  respond  nibre  than  they 
respond  tb  stirnuiatibn  of  either  ear  alone  ^  This  Summation  may  extend  bver  several 
millisecbndSj  as  shbwi  in  Pigi  31X111*  1,  or  over  a  few  hundred  mierbsecbhdSi  as  in 
Fig.  35X111*2.  This  property  has  been  observed  in  approximately  20  eellSi 

Other  eells  have  the  cyclic  behavior  Shown  in  Fig.  35X111- 3  i  As  the  interval  between 
the  clicks  to  the  two  ears  is  Varied,  the  unit  shows  several  suGcessive  peaks  of  excit¬ 
ability.  We  have  seen  three  such  Geils,  all  with  a  time  between  adjacent  peaks  of 
approximately  1  mSeCs 

The  group  of  cells  in  which  we  are  most  interested  shows  the  properties  summarized 
in  Fig.  Xxni-4.  These  cells  respond  to  mcHfiaural  stimulation  of  the  confralateral  ear. 


Fig.  3Q1III*2  .  Gell  Showing  summatiph  of  stimuli  to  two  ears .  (a)  MonaurlLl 
intensity  series,  (b)  Bffect  Of  interaur^  time  difference. 


Fig.  301111^  3 .  Gell  showing  cyclie  interaction  of  stimuli  to  two  ears ,  (a)  Monaural 
intensity  series,  (b)  Effect  of  interaural  lime  difference. 
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RIGHT  t.,b  (liSEC)  LEFT 

LEASING  Leading 


Fig.  S3CriI-4.  EffGGt  Gf  iiitef aural  timfe  difference. 

interaurai  intensity  difference.  Gell 
on  left  side. 


but  net  to  monaural  stimulation  of  the  Ipsilateral  ears  For  all  of  these  cells*  the 
percentage  of  stimulus  presentations  to  which  the  unit  responds  can  be  decreased  either 
fey  making  the  stimulus  to  the  ipsilatefal  ear  more  intense'  While  holding  interaurai  time 
differenGe  constant  or  by  making  the  stimulus  to  the  ipsilateral  ear  arrive  earlier 
while  holding  interaurai  intensity  difference  constant. 

There  is  a  striking  parallel  between  the  properties  of  cells  of  the  type  shown  in 
Fig.  and  resuits  of  psyGhophySical  expeFimentation  in  humansi  The  resppn-^ 

siveness  of  these  ceils  (we  have  recorded  from  approximately  50  of  them)  is  a  function 
of  interaurai  time  difference,  interaurai  intensity  difference,  and  average  intensity, 
These  parameters  are  also  involved  in  determining  the  apparent  location  of  a  sound 
source  with  humans.  This  parallel  of  physiological  and  psychophysical  data  has  led  us 
to  suggest  the  following  model  for  the  process  of  binaural  localization;  Binaural  stimuli 
excite  cells  in  the  left  and  right  accessory  nuclei.  If  the  stimulus  at  the  left  ear  is 
more  intense  or  arrives  earlier  than  that  at  the  right,  more  cells  will  be  excited  in  the 
right  accessory  nuclgus,  and  vice  versa.  Because  of  the  sensitivity  of  these  cells  to 
both  interaurai  time  and  intensity  difference,  time  and  intensity  differences  can  be  made 
to  offset  each  other  at  the  level  of  the  individual  cell.  The  psychophysleal  judgment  of 
sidedness  comes  about  as  a  result  of  any  imbalance  of  the  number  of  cells  excited  at 
the  left  and  right  accessory  nuclei.  This  schema  is  similar  to  one  proposed  recently 

3 

by  van  Bergeijk,  and,  as  pointed  out  by  van  Bergeijk,  it  has  a  great  deal  in  common 
with  a  model  proposed  in  1930  by  vpn  BCfcCsy,^  A  simplified  diagrammatic  representation 
of  our  model  is  shown  in  Fig.  3PGTI-5, 

In  our  model  we  assume  that  each  cell  that  we  observe  is  representative  of  a  popu.! 
latipn  of  cells,  and  that  the  system  is  symmetrical;  that  is,  there  are  similar  popula¬ 
tions  of  cells  in  the  left  and  right  accessory  nuclei,  Although  we  are  restricted  to 
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LEFT  EAR 


RIGHT  EAR 


Figi  XXXil^S.  Cells  in  bath  left  and  fight  acGessofy  nuclei  are  innervated  by 
excitatory  inputs  from  the  contralateral  ear  and  inhibitory  inputs 
from  the  ipsilaterai  ear.  Ascending  fibers  from  both  accessory 
nuclei  go  to  hypothetical  "higher  centers."  The  psychophysical 
judgment  of  sidedness  is  related  to  the  relative  number  of  cells 
responding  at  the  two  sides.  The  two  solid  cells  are  intended  to 
indicate  that  the  system  is  symmetrical,  that  is,  in  the  model 
each  cell  on  one  side  has  its  Counterpart  on  the  other. 


Fig,  lQCIII-6.  (a)  Monaural  intensity  series,  (b)  Effect  of 
interaural  time  difference  and  interaural 
intensity  difference.  Cell  on  right  side, 
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(Sfeservihg  cells  on  only  one  Side  at  a  titiie,  we  can  infer  the  behavior  Of  corresponding 
ceils  On  the  opposite  Side  by  this  asSuiSptioni  A  typical  example  is  shown  in 
Fig.  XXIII-'6.  This  cell  Was  situated  On  the  right-hand  Side  of  the  cats  We  Observed 
the  activity  of  the  ceil  over  a  range  of  interatiral  time  differences  from  plus  to  minus 
500  pSeCi  where  positive  numbers  indicate  that  the  StimUius  to  the  left  ear  is  leading, 
and  negative  numbers  indicate  that  the  Stimulus  to  the  right  ear  is  leadingi  TWO  inten¬ 
sity  conditions  are  illustrated!  left  -60  db,  right  v65  db;  and  left  ^65  db,  right  -60  db. 

In  order  to  infer  the  behavior  of  a  hypothetical  symmetrical  cell  on  the  left  side,  we 
interchange  "left"  and  "right both  for  time  difference  and  for  intensity  difference,  for 
one  of  these  two  curves.  The  resuiling  plot  for  the  condition  left  -60  db,  right  -65  db 
is  shown  in  Fig.  XXiiI-7. 

For  purposes  of  the  model,  we  are  interested  in  the  relative  number  of  cells  firing 

the  probability  that  the  cell  on  the  right  will  fire  to  a  given  Stimulus  presentation,  and 
Pj^  is  the  probability  that  the  hypothetical  cell  on  the  left  Will  fire  to  a  given  stimulus 
presentation.  This  measure  is  bounded  between  0  (Gorresponding  to  activity  on  the  right 
and  no  activity  on  the  left)  and  1  (corresponding  to  activity  on  the  left  and  no  activity 
on  the  right),  and  is  symmetrical  about  o.  s.  That  is>  since  0^  -  i  where 

-  Pj^/(P|^+Pj^),  the  Curve  of  ^  is  the  curve  of  reflected  about  the  o.  s  level. 

If  we  had  a  homogeneous  population  of  cells,  we  would  be  able  to  generalize  directly 
from  the  behavior  of  a  single  cell  to  the  total  number  of  ceils  responding.  Although  we 
do  not  have  a  homogeneous  population,  it  is  still  possible  to  set  bounds  on  over-all  activ¬ 
ity  from  our  data.  As  an  exampie»  consider  the  Situation  in  which  the  stimulus  to  the 
left  ear  is  more  intense  than  the  stimulus  to  the  right  ear,  and  the  two  stimuli  are 


at  the  two  Sides .  We  have  taken  as  a  measure  of  this 


Fig.  XXIH-7.  Same  cell  as  in  Fig,  XXIII-6,  with  "left"  and  "right"  interchanged 
for  original  condition  (left,  -65  db;  right,  -60  db).  Dashed  line 
shows  ?l/(Pl+Pr)  = 
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presented  simultaneously ^  While  (f^  is  not  necessarily  the  sstme  for  any  twO  cells,  % 
is  less  than  0.  5  for  all  celiS  that  we  have  observed.  Therefore  we  are  justified  in  saying 
that,  on  the  averagei  more  cells  respond  to  this  particular  stimulus  configuration  in 
the  right  population  than  in  the  left  population. 

Figure  XXIII-8  Sumniarizes  the  behavior  of  a  typical  ceiii  In  this  plot,  (J^  is  shown 
on  the  ordinate  and  interaural  time  difference  is  shown  on  the  abscissai  Interaural 
intensity  difference  is  held  constant  at  5  db,  and  average  intensity  is  the  parameter. 
Keeping  in  mind  that  (a)  the  data  are  frotn  cats  and  (b)  the  model  is  highly  simplified. 

We  can  compare  predictions  of  the  model  and  psychophysicM  results  from  humans.  The 
effects  of  interaural  time  and  interaural  intensity  difference  are  in  qualitative  ^ree- 
ment.  With  zero  interaural  time  difference  and  the  stimulus  to  the  left  ear  more  intensej 
we  have  o  <  o.  5,  corresponding  to  "image  to  the  left.”  If  interaural  intensity  dif¬ 
ference  and  average  intensity  are  held  constant  and  the  stimulus  to  the  left  ear  is  made 
to  arrive  earlierj  6^  decreaseSi  corresponding  to  movement  of  the  image  to  the  left, 

Interaural  time  difference  can  offset  the  effect  of  interaural  intensity  difference  for 
individuai  cells  in  terms  of  the  models  just  as  it  can  in  human  centering  experiments.^'  ^ 
At  point  A  in  Fig.  XXilX-Ss  for  example,  the  stimulus  to  the  left  ear  is  5  db  more  intense 
but  lags  the  stimulus  to  the  right  ear  by  120  usee,  and  -0.5,  corresponding  to  equal 
firing  probabilities  at  the  two  sides.  In  this  sense  an  interaural  intensity  difference 
can  be  said  to  be  "equivalent"  to  an  interaural  time  difference,  and  we  can  define  a  time-!' 
intensity  trading  ratio  in  microseconds  per  decibels  The  tinje-intensity  trading  ratio 
for  point  A  would  be  120  pSec  per  5  db,  or  24  pSec  per  db. 

In  Fig,  XXIII-9,  this  time'intensity  trading  ratio  is  plotted  as  a  function  of  average 
intensity  for  12  Cells  that  we  have  observed.  The  dashed  lines  indicate  the  range  Of 
time.»intensity  trading  ratios  Obtained  from  human  subjects  presented  with  clicks  with 


RIGHT  T  /...pf-A  left 

LEAPING  LEADING 


Fig.  XXIII-8.  Effect  of  interaural  time  difference  and  average  intensity  on  • 
Interaural  intensity  difference.  5  db. 
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Fig>  3QCHI-9.  Tirnesliatensity  tradihg  fatao  for*  hurnan  beings  COrnpafed  with  that 
Gornputed  on  the  basis  of  the  inodei.  TFhe  dashed  lines  iBdieale 
the  range  of  time-intensity  trading  ratios  for  hiitnans  (see  Ei  E. 

David  et  al,^),  Solid  points  reipreseat  tinaeifintensity  trading  ratios 
GOrnputed  froen  single  units  on  the  basis  of  the  modeL  points  froai 
the  same  cell  at  dilf.ereHt  inteiisities  are  ioined  by  a  solid  line. 
Not  shown  on  this  graph  are  two  poinls  cbinpiited  ff'Oin  a  single 
low-threshold  cell!  -•99i5  db,  430  psec/dbi  ^ldl.5  dbi  330  jisec/db. 


LEAbiNG  LEADING 

Fig.  XXIII-IO,  Slope  of  curves  in  Fig-  XXIII^S.  Ordinate  is  the  change  in 

resulting  from  a  lOO-psec  change  in  interaural  tirne  difference. 
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a  given  interaural  intensify  difference  and  asked  to  obtain  a  centered  irnage  by  adjusting 
the  intefaurai  time  difference  (see  David  et  al.,^  Fig.  5^  impulseji  The  two  sets  of 
results  are  in  close  agreementj  eonsidering  that  they  refer  to  two  different  species, 
ete. ,  and  they  both  show  a  trend  downward:  with  increasing  intensity i 

The  range  of  interaural  time  differences  over  which  a  change  in  interaural  tirtte  dif¬ 
ference  produces  a  change  in  unit  activity  is  consistent  with  reasonable  assumptions 
about  the  cat's  ioGallzation  behaviors  The  sensitivity  of  a  unit  to  changes  in  interaural 
time  diflerence  as  nneasured  by  the  slope  of  the  curves  in  Fig.  xxiii-8  is  greatest  for 
values  of  interaural  time  difference  near  zeroi  and  it  shows  a  sharp  decrease  for  values 
of  interaurai  time  difference  greater  than  ZGOssioo  jisec.  The  slope  Of  the  curves  in 
Fig.  XXIII-8  is  plotted  as  a  function  of  interaural  time  difference  in  Figs  XXIII-  IG.  The 
slopes  are  not  symmetrical  about  zero  interaural  time  differenee  because  of  the  pres¬ 
ence  of  an  interaural  intensity  differences 

These  curves  can  be  related  to  a  psychophysiGal  parameter  known  as  the  Hornbostel^ 
Wertheimer  constant.  This  parameter  is  defined  as  the  interaural  time  difference 
beyond  which  change  in  interaural  time  difference  produces  little  change  in  position  of 
the  Sound  images  In  humans  this  is  approximately  500  pSeCs^  Since  the  distance  between 
the  ears  is  smaller  for  cats  than  it  is  for  humans,  and  therefore  the  maximum  interaural 
time  difference  that  could  occur  in  free»field  stlmuiatiort  is  smaller,  it  is  perhaps  not 
unreasonable  to  aSSume  that  the  HornbpStei* Wertheimer  constant  for  cats,  if  such  a 
thing  could  be  measured,  would  also  be  Smaller' 

A  particularly  interesting  feature  Of  the  model  is  that  the  minimum  interaural  time 
difference  that  can  be  discriminated  in  terms  of  the  model  compares  favorably  with  the 
minimum  interaural  time  difference  that  the  cat  is  capable  of  discriminating  behavior'- 
ally;  We  can  obtain  an  estimate  of  the  precision  afforded  by  the  model  by  making  the 
following  assumptions:  (a)  There  is  in  each  aGcessory  nucleus  a  homogeneous  popula'- 
tion  of  n  cells,  (b)  Each  Cell  on  the  left  fires  to  a  given  stimulus  presentation  with 
probability  and  does  not  fire  with  probability  Qj^  =  1  -  Pj^,  gimiiariy,  each  cell  on 
the  right  fires  with  probability  Pj^,  (c)  Firings  of  individual  cells  are  mutually  inde¬ 
pendent. 


We  define  random  variables  Xj^  and  Xj^  as  the  number  of  cells  on  the  left  and  right 
sides,  respectively,  which  respond  to  a  given  stimulus  presentation.  From  our  assump¬ 


tions,  the  means  and  variances  pf  these  random  variables  are 


E(Xj^)  =  “Jl  ^  hPL* 

E(Xr)  =  mR  =  rPr,, 


.^(xJ.^^nPLQL 

<r  (Xr)  =  ffR  =  nPRQR, 


(1) 


(2) 


We  define  a  third  random  variable,  Xjj.  as  the  difference  between  X^  ^ind  Xrs 
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It  {pllows  that 

EtXj^)  =  ^ 


(3) 

m 


and  from  the  assumption  of  independenee  that 

=  4  =  4  +  4  *  <*> 

We  now  ask  the  questibn.  For  a  given  number  of  cells  n,  what  is  the  smailest  dif¬ 
ference  AP  between  Pj^  and  P^^  which  will  result  in  X^^  being  greater  than  zero  with 
probability  at  least  6.  75?  (If  the  higher  centers  in  oUr  model  made  a  "forced-choice" 
decision  of  right  or  left  of  center  based  simply  On  whether  Xj^  was  greater  than  Or  less 
than  Xj^,  the  choice  of  o.  75  probability  would  mean  that  three  out  of  four  stimulus  pres¬ 
entations  would  result  in  the  judgment  "right  of  center."  The  choice  of  6.75  is  arbitrary. 
It  is  chosen  as  a  Gonvenient  level  midway  between  6.  5>  correspoadiag  to  pure  chance> 
and  th6  asymptotic  value  1. 6.  while  it  is  chosen  on  much  the  same  basis  as  the  6. 75 
level  is  chosen  in  psychophysical  experiments,  it  should  not  be  construed  as  corre¬ 
sponding  to  a  behavioral  just -noticeable  difference.)  if  n  is  large,  we  can  use  the  nor¬ 
mal  approximation  to  the  binomial,  so  that  X^  can  be  approximated  by  a  nOrmal  dis¬ 
tribution,  and  from  a  tabulation  of  the  normal  distribution  we  find  that 

P(Xj5>0)  >6.75  if  mj^  >  6.  (6) 

Setting  mjj  -  6.  7<y^  and  Substituting  from  EqS.  4  and  5,  we  haVe 

n(PL'PR)-6.7  V  n(PjQL^PR%) 

Pl  -  Pr  "  ^P  =  ^  y  (PlQl+Pr^)/"-  (8) 


Since  we  are  interested  in  small  differences  between  Pj^  and  Pj^. 

Pj^Ql  *  pR^R  "  ^*nve 


we  can  set 


/ . -  171 

AP  ^  y  (FjJiiJ/n. 

Let  us,  for  the  moment,  set  n  =  5000.  This  estimate  is  based  on  the  density  of  cells 

3 

in  the  accessory  nueleus  and  the  size  of  the  accessory  nucleus  and  on  the  assumption 
that  one^fourth  to  one^half  of  the  cells  in  the  accessory  nucleus  are  of  the  type  that  can 
be  included  in  the  model.  It  is  probably  conservative.  Referring  to  Fig.  XXin-7,  we 
see  for  this  particular  cell  and  this  particular  stimulus  eonfiguratipn  that  Pj^  -  0,  7, 

=  0.3,  when  Pjj  nnd  P^  are  equal.  Substituting  these  numbers  in  Eq.  9,  we  have 
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AP  0.  006. 

In  br'der  to  determine  the  ehange  in  interaural  time  difference  to  which  this  corre¬ 
sponds,  we  observe  from  Fig.  XXHI-7  that  a  change  in  interaural  time  difference  of 
sO  (isec  results  in  a  difference  between  and  of  ~0. 12.  Therefore  aP  =  0.  o06 


corresponds  to  a  change  in  interaural  time  difference  of  0.  006/0. 12  x  50  psec,  or 

2.  5  psec.  This  value  is  typical  of  the  cells  that  we  have  observed  and  is  of  the  Same 

order  of  magnitude  as  the  minimum  change  in  interaural  time  differenGe  that  the  cat 

,  ,  12 
is  Capable  Of  discriminating  behavior  ally. 

While  our  assumptions  of  homogeneity  and  independence  are  gross  simplifications> 
we  have  an  indication  that  the  model  potentiaily  may  be  capable  of  discriminations  of 
the  right  order  of  magnitude. 

J.  L.  Hall  11,  Cynthia  M.  Pyle 
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B.  POSTAURICULAR  electric  RESPONSE  TO  ACOUSTIC  STIMULI  IN  HUMANS 

Many  investigators  have  reported  that  acoustic  stimuli  alter  tfae  electric  activity 
recorded  from  the  scalp  of  humans.  Several  of  these  reports  describe  eyoked  responses 
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Fig,  3KIII--11,  Averaged  responses  to  elicks  for  two  electrode  locations  behind 
the  left  ear.  The  electrodes  were  stajniess^ steel  nee^es.  The 
reference  electrode  was  clipped  to  a  saline-njoistened  cotton  pad 
on  the  right  earlobe,  Negative  polarity  for  the  active  electrodes 
is  plotted  upward.  Responses  are  shown  for  7  stimulus  intensi¬ 
ties,  Clicks  were  produced  by  applying  a  10-usec  rectangular 
pulse  to  the  terminals  of  an  Altec  1-755A  loud-speaker  that  was 
located  "^4  feet  in  front  of  the  subject  seated  in  a  soundproof 
room.  Clicks  were  presented  at  a  lo/sec  rate;  reference  level 
(0  db)  s  13  volts  into  the  speaker.  With  this  stimulus  arrange¬ 
ment  the  psychophysical  threshold  was  approximately  -65  db  for 
this  subject,  (The  beginning  of  each  trace  in  this  and  subsequent 
figures  marks  the  instant  at  which  a  monitoring  microphone 
placed  near  the  ear  detects  the  arrival  of  the  click.)  Number  of 
responses  averaged  for  each  trace,  N  -  lOQP,  Recording  ses¬ 
sion  1  on  this  subject  (N.  Y-S,  K. ,  1/12/62). 
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with  latencies  of  less  than  70  mseCi^”^  We  have  recently  found  a  short  latency  response 
localized  behind  the  external  ear  (auricle)  which  does  not  appear  to  have  been  previously 
reported.  Some  of  the  charaeteristics  of  this  response  are  sufficiently  unusual  to  war¬ 
rant  a  brief  reports 

The  postauricular  response  has  been  recorded  both  from  needle  electrodes  thrust 
into  the  skin  posterior  to  the  attachment  of  the  ear  (Fig^  xxiil-iT)  and  from  wick  elec¬ 
trodes  curled  over  the  attachment  of  the  ear^  Since  the  responses  are  not  visually 

detectable  in  single  traces  except  at  high  stimulus  intensities,  it  WaS  necessary  to  COm- 
7 

pute  averaged  responses  on  the  arc. 

Figure  !i0Cixt- 1 1  shows  responses  recorded  froni  two  electrodes  located  behind  the 
ear.  The  distance  between  the  electrodes  was  i.  5  cns.  The  responses  from  electrode  1 
show  a  peak  approximately  ll  msec  after  the  acoustic  stimulus  arrives  at  the  eari  This 


CLICK  INTENSITY  IN  DB 

Fig.  XXIII- 12.  Latencies  and  amplitudes  of  the  negative  peaks  in  the  traces  of 
Fig,  XXIlI-ll  as  functions  of  elick  intensity.  Latencies  are 
measured  from  the  beginning  of  each  trace;  amplitudes  are 
measured  from  base  line  to  peak. 
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negative  peak  is  follSwed  approximately  7  msec  later  by  a  positive  peak  that  is  lesS 
prominent  in  the  reGordings  from  electrode  2.  in  general,  the  waveform  of  the 
responses  can  vary  considerably  vsfith  iocation  of  the  electrode^  aithoiigh  the  most  prom¬ 
inent  deflections  Occur  with  latencies  in  the  10-20  msec  rangei  For  a  Specific  location 
on  any  one  subiect,  the  response  waveform  seems  to  be  (quite  repeatable  except  as  noted 
beloWi 

Figure  XXIII- 12  shows  that  the  latency  of  the  negative  peak  decreases  and  its  ampli¬ 
tude  increases  with  increasing  click  iatensiiyi  There  is  a  relatively  constant  difference 
of  approximately  2  msec  between  the  latencies  of  the  responses  from  the  two  electrodes. 
Note  also  that  the  ampiitiide  of  responses  is  smaller  for  electrode  2,  This  is  coasistent 
with  pur  observation  that  the  responses  are  largest  in  the  region  near  the  attachment  of 
the  external  eari 


Fig.  XXIII-13,  Averaged  ppstauricular  responses  for  several  click  rates.  The 
marks  under  eaGh  trace  denote  the  times  of  arrival  of  the  elieks  nt 
the  ear.  The  electrode  was  placed  in  the  same  location  as  elec¬ 
trode  1  of  Fig,  XXIII-ll.  The  reference  electrode  was  on  the 
right  earlobe.  Clicks  were  produeed  by  lO-psec  rectangular  pulses 
delivered  to  the  loud-speaker  terminals.  Click  intensity,  -10  db 
re  7  volts  into  loud-speaker;  N  =  1000.  Recording  session  2  on 
this  subject  (N.  Y-S.  K. ,  1/24/62). 
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Figure  3£Xni-13  shows  the  postauricular  fesponse  for  six  different  elick  iSateSi  The 
responses  at  200  clicks/sec  and  500  cMcks/sec  are  Gomplicated-  by  the  overlap  of 
responses  to  suGeeSSive  clicksj  H6wever>  it  is  Giear  that  Some  responses  are  synchro¬ 
nized  With  eliekSi  even  at  the  200/:See  rate. 

These  results  might  seem  to  Suggest  that  the  relationship  of  these  responses  to  the 
stimulus  parameters  can  be  easily  described.  However,  this  appears  to  be  So  only  for 
the  first  few  recording  sessions^  One  of  the  exasperating  aspects  Of  working  With  this 


Fig,  XXlIl-14,  Averaged  postauricular  responses  as  a  function  of  time  after  the 
Start  of  stimulation.  Averages  of  responses  recorded  simulta¬ 
neously  from  both  a  needle  electrode  and  a  Wiek  electrode.  Ref¬ 
erence  electrode  on  nose.  Clicks  were  produeed  by  100-p.sec 
rectangular  pulses.  Click  intensity,  "20  db  re  1"^  volts;  repe¬ 
tition  rate,  lo/see;  N  =  50G.  Recording  session  4  on  this  subject 
(N,  Y-S,  K,.  i/ZO/hZ). 
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Figi  XXIII-15.  Averaged  postaUricUlar  responses  from  a  subjeet  before  and  after  the 
delivery  of  electric  shock  te  the  bare  feeti  The  responses  of  the  sub- 
ject  to  steady  clicks  had  decreased  steadily  with  time  from  the  sta^ 
ef  the  session.  After  the  responses  had  declined  to  the  level  shblim  in 
the  trace  marked  "before  shock,"  the  shock  was  delivered.  The  first 
100  seconds  of  response  activity  were  then  processed  to  give  the  trace 
labeled  "after  shock."  Responses  recorded  between  a  wick  eiectrode 
and  reference  on  nose.  Stimulus  Gonditiens  identical  with  thojse  pf 
Fig.  XXin-14;  hf  s  IOOO5  Session  5  fOr  this  Subject  (B.  C.  T, ,  4/5/62). 


particular  response  is  Illustrated  in  Fig.  3^ln-l4.  On  the  fourth  recording  session 
for  this  subject,  responses  were  recorded  for  more  than  12  minutes  during  which  time 
click  stimuli  were  delivered  at  the  rate  of  lo/sec.  Both  needle  and  Wick  electrodes 
were  used  for  this  run.  The  wick  electrode  was  in  eontact  With  almost  the  entire  pos¬ 
terior  line  of  attachment  of  the  external  ear.  The  responses  recorded  by  the  needle 
electrode  are  smaller  than  those  in  Fig,  XXtll-il  because  the  needle  Could  not  be  placed 
in  the  same  locations  with  the  Wick  in  place,  The  waveforms  of  the  responses  from  the 
two  electrodes  are  quite  different,  partiGularly  in  that  the  initial  negative  peak  is  absent 
in  the  wick  recordings,  The  later  components  in  the  responses  recorded  by  the  two 
electrodes  seem  to  be  Gomparabie  in  latency,  and  they  decline  in  amplft'^de  in  a  similar 
way.  This  gradual  decrease  in  response  amplitude  does  not  occur  in  initial  recording 
sessions  and  occurs  more  rapidly  in  later  recording  sessions.  For  some  of  our  more 
"experienced"  subjects,  responses  that  had  been  stable  in  the  initial  sessions  decreased 
rapidly  in  amplitude  after  the  first  few  responses  in  later  sessions.  In  sessions  in  which 
the  amplitude  had  become  small,  various  instructions  to  the  subjects,  such  as  "count 
the  clicks,"  "relax,"  and  "read,"  did  not  result  in  an  increase  in  amplitude.  Also, 
changes  in  room  illumination  or  click  intensity  and  repetition  rate  did  not  bring  back 
the  response.  One  instance  in  which  the  responses  did  become  large  again  momentarily 
is  shown  in  Fig.  3QCI1I-15,  Electric  shocks  to  several  of  our  subjects  resulted  in  a  spec¬ 
tacular  increase  in  response  amplitude  with  subsequent  rapid  decrease.  After  the 
shocks  were  repeated  several  times  they,  too,  ceased  to  have  significant  effects, 

The  position  of  the  head  also  seems  to  bc  a  factor  in  the  appearance  of  the 
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Fig.  XXlIl-  r6.  Postauritiuiar  responses  influenced  by  head  positioni  The  head  was 
first  oriented  in  an  upright  position.  Then  the  head  was  allowed  to 
fall  back  until  it  rested  comfortably  on  a  support.  Finally,  the  head 
was  brought  forward  in  a  bending  position.  Changes  in  hOad  posi¬ 
tion  often  had  dramatic  Effects  on  the  responsesi  but  at  other  times 
did  not.  Checks  of  the  recording  arrangement  were  always  maide 
to  ensure  that  no  eleetricai  connections  were  disturbed  as  a  result 
of  head  movements.  Stimulus  conditions  are  identicai  with  those  Of 
Fig.  XXill-14.  ii  =  1000  for  the  top  and  bottom  traces;  N  =  500  for 
the  middle  trace.  A  needle  electrize  behind  the  left  ear  was  used 
in  these  recordings  with  the  reference  electrode  on  the  right  earlobe. 
Session  4  for  this  Subject  (E.  G.  T.,  3/26/62), 


postauricular  response.  For  most  of  our  subjects  an  upright  position  or  forward  bend  of 
the  head  resulted  in  larger  responses  than  tilting  the  head  back.  The  effect  is  not  always 
as  dramatic  as  that  illustrated  in  Fig.  XXIU-16,  even  for  the  same  subject.  A  similsr 
phenomenon  has  been  previously  reported  for  a  longer  latency  response  to  auditory  stim- 


A  few  miscellaneous  facts  can  also  be  noted.  The  postaurtcuiar  responses  are 
obtainable  with  other  transient  stimuli,  such  as  bursts  of  tone  or  bursts  of  noise.  They 
are  obtainable  bilaterally,  even  by  using  earphones  to  stimulate  only  one  ear.  Glear 
responses  were  obtained  from  8  of  10  subjects.  Of  these  eight,  four  were  male  and  four 
female.  All  subjects  were  less  than  40  years  of  age  and  healthy.  No  responses  could 
be  detected  in  records  obtained  from  two  subjects  with  severe  hearing  losses. 

The  ease  of  recording  postauricular  responses  invites  further  experimentation  to 
determine  their  origin.  The  lability  of  the  response  challenges  the  ingenuity  of  the 
experimenter.  This  lability  resembles  the  behavior  of  certain  responses  recorded  from 
the  brains  of  unanesthetized  cats.  In  particular,  a  decrease  in  amplitude  with  prolonged 
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stimulation  is  GharaGtefistic  of  sbme  components  of  the  eorticM:  responSOS  in  cats.  It 
is  diffiGuit,  however,  to  make  direGt  GomparisonS  between  these  two  sets  of  data 
recorded  in  different  ways  from  different  species. 

Despite  the  synchrony  of  the  poStaUricuiar  reSpOnSes  With  stimuli  at  high  rates 
(Fig.  3QCfII-13)j  it  is  possible  that  the  response  arises  from  activity  of  either  ear  or 
neck  muscles.  The  sensitivity  of  the  response  to  changes  in  eieCtrOde  location  and  the 
effects  of  head  position  support  Such  a  view.  The  response  iS  unlikely  to  be  the  result 
of  stapedius  tnuscie  activity  in  the  middle  ear,  since  a  clear  response  was  obtained  in 
a  subject  who  had  undergone  stapes  surgei^  with  resultant  severing  of  the  muscle ^ 

Ni  Y-S.  Kiang>  A.  H.  CriSt,  M.  A.  French,  A.  G.  Edwards 
(Dr.  A.  G.  Edwards  is  a  Resident  at  the  Massachusetts  Eye  and  Ear  Infirmary.) 
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e,  RESPONSES  OF  A  NEURONLIKE  NET  TO  PAIRED  STIMULI 

We  have  reported  previously  that  the  response  to  the  second  of  a  pair  of  stimuli  to 
a  neuronlike  net  goes  through  damped  "cycles"  pf  alternate  "enhancement"  and  "depres¬ 
sion"  as  a  function  of  the  length  pf  the  interval  between  the  two  stimuli,  ^  Other  work 
on  such  "recovery  curves"  has  confirmed  and  extended  this  result. 

The  variance  of  these  recovery  curves  was  found  to  be  considerable,  seldom  being 
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less  thaii  ZXlaSO  per  cent  of  the  amplitude  of  the  Cyclic  oscillation,  and  sometimes 
exceeding  it.  The  explanation  for  this  variability  lies  in  the  fact  that  the  Stimulus  pair 
never  re-encounters  identical  conditions,  since  the  net  is  Spontaneously  active. 

We  found  that  the  intervals  between  the  peaks  in  the  recovery  curves  increase  when 
the  time  constant  that  represents  the  refractory  property  of  the  neuronlike  elements 
is  increased.  This  effect  was  expected,  since  the  periods  for  Spontaneous  oscillations 
show  a  similar  dependence. 

Finally,  we  found  that  the  "enhancement-depression"  eycle  varies  in  prominence 
as  a  function  of  the  intensity  of  the  Stimuli,  If  the  two  stimuli  are  of  eiquad  intensity, 
there  is  one  intensity  level  that  produces  the  effect  with  greatest  prominence^  At  high 
intensities  (for  which  a  large  proportion  of  the  elements  is  stimulated). .  the  activity  of 
the  net  dies,  Or  nearly  dies,  after  the  first  Stimulus,  since  most  of  the  elements  are 
simultaneously  refractory:  the  cycle  vanishes  under  these  conditions.  At  low  stimulus 
intensities,  "spontaneous"  firings  occur  so  frequently  that  the  responses  are  small  com 
pared  with  the  total  activity j  thus  the  effect  Vanishes  into  the  noise  level. 

2 

A  detailed  account  Of  these  results  has  been  given  in  R.  B.  Keim'S  thesis. 

R,  B.  Keim,  B,  G.  Farley 
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RESEAHGB  OBiTECTiVES 

The  aims  Of  this  group  can  be  stated’  best  under  three  main  heat^gsi 

1.  Basie  Theory 

Qur  purpose  is  to  deyelop  the  neGeSSary  logical  and  mathematical  theory  fOr  an 
understanding  of  computation  Such  aS  the  braih  performs,  and  thus  lay  foundations  for: 
an  attack  on  the  problem  of  decision  making  in  the  presence  Of  a  redundancy  of  potential 
command  Such  as  that  encountered  in  the  reticular  formation. 

M.  A.  Arbibi  M,  Blum,  Ni  Mi  OnestO, 

W.  L,.  Kilmerv  W.  S.  McGulIoCh 

2i  Project  Plans 

(a)  Olfactory  Physioioey,  We  expect  to  go  to  the  seGond-order  neurons  now  in  an 
attempt  to  uiiravei  the  Gategpries  of  the  first  order  i 

R.  C.  Gesteiand,.  W.  H’.  Pitts;,  Ji  Y.  Lettvin 

(:b;)  EleGtrodes .  We  shall  prosecute  the  study  Of  specif ic ally  sensitive  0^,  pH,  smd 

Other  sorts  Of  electrodes,  partly  for  oceanographic  application,  partly  for  biological 

application. 

W.  Hi  Pitts,  Ri  G.  Gesteiand,  J,  Y.  Lettvin 


(c)  instrumentation.  Various  electronic  devices  will  be  built  as'  the  need  arises  •. 

J,  Y.  Lettvin,  R,  C.  Gesteiand 


(d)  Visual  Processes.  We  are  branehing  into  the  study  of  form-functipn  relations 
and  color  vision,  as  well  as  into  further  octopus  work. 

H.  R,  Maturana,  J.  Y.  Lettvin 

(e)  Visual  Processes  of  the  Rat.  We  plan  to  study  the  organization  pf  receptive 
fields  in  rodents  • 

J,  E.  Browu,  Ji  Ai  Rolas 


(f)  Physiological  QpticS,  We  are  working  on  schemes  tp  track  the  position  and  focus 
of  an  eye  irpm  a  distimce. 


B.  H.  Hpwland,  R,  C.  Gesteiand,  J.  Y.  Lettvin 


% 

This  work  was  suppprted  in  part  by  Bell  Telephone  Labpratpries,  Inc, ;;  The 
Teagle  Foundation,  Inc.;  the  National  Institutes  of  Health  (Grant  NB^^O  1865-05  and 
Grant  MH-04.737-02);  and  in  part  by  the  U.  S.  Air  Force  (Aeronautical  Systems  Division); 
under  Contract  AF33(6l6)-7783. 
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3.  Problems  of  Sensbry  ProjectlGn  Pathways 

During  the  past  year,  we  have  ccincentrated  on  two  major  lines  of  approaGh  tb  the 
problems  of  cutaneous  SenSory  mechanisms.  The  first  has  dealt  with  the  Control  system 
situated  about  the  first  Central  synapse  where  nezwe  fibers  from  the  Skin  converge  on 
cells  in  the  dorsal  part  Of  the  Spinal  Cord.  We  have  shown  that  the  very  small  cells 
scattered  throughout  the  region  of  these  SynapSeS  and  which  make  Up  the  substantia  gelat- 
inosa  are  involved  in  modulating  the  transmission  of  impulses  across  this  first  junction. 
This  censorship  of  arriving  nerve  impulses  is  affected  by  previous  activity  in  the  same 
pathway,  by  activity  in  neighboring  areas  of  skin,  by  intense  activity  in  distant  areas, 
particularly  in  paws  and  face,  and  by  stimulation  of  the  cerebellum,  mid-brain,  pens, 
and  medulla.  The  censorship  mechanism  seems  to  be  in  continuous  action,  and  we 
believe  that  it  is  best  studied  by  steady  stimuli,  rather  than  by  sudden  brief  changes  in 
the  environment.  The  mechanisms  that  we  have  seen  in  the  cat  would  predict  inter¬ 
actions  between  various  types  of  skin  stimuli,  and  we  have  carried  Out  concomitant 
experiments  on  man  to  examine  these  hypotheses.  These  psychological  experiments 
have  shown  that  there  is  a  most  interesting  interaction  in  man  between  light-pressure 
stimuli  and  electrical  stimulation.  We  have  published  some  of  this  work  in  Brain  and 
in  the  Joiirnal  of  Physiology,  and  two  other  papers  will  appear,  in  1963,  in  Experimental 
Neurology,  m  the  coming  year,  we  shall  pmsue  the  study  of  the  censorship  mechaidsm 
in  an  attempt  to  find  Something  of  its  role  in  the  normal  functioning  of  the  animal. 

Our  second  line  of  approach  is  an  attempt  to  discover  the  language  used  by  me  skin 
in  telling  the  brain  about  the  location  of  the  stimulus .  We  are  studying  two  reflexes  that 
require  the  motor  mechanisms  to  know  the  exact  location  of  the  stimulus.  The  first  is 
the  scratch  or  swipe  reflex,  and  the  second  is  the  eye  blink.  We  are  studying  the  path¬ 
ways  over  which  the  information  is  carried  both  in  normal  animals  and  in  frogs  and  sal¬ 
amanders  who  have  been  operated  on  in  their  youth,  if  dorsal  and  ventral  skin  are 
reversed  in  the  tadpole,  the  scratch  reHex  of  the  adult  frog  is  aimed  at  the  embxyoiog- 
ical  position  of  the  skin,  and  not  at  its  actual  position,  so  that  it  is  evident  mat  some 
message  is  going  from  skin  to  central  nervous  System  which  tells  the  nature  of  the  skin 
rather  than  its  position.  We  hope  to  discover  the  natime  of  this  message  by  microelec- 
trode  studies  of  the  cord.  Similar  work  is  being  done  on  amphibia  in  which  an  additional 
eye  is  implanted  on  the  head.  The  extra  eye  mil  generate  a  bliim  reflex  in  the  norm^d, 
eye  if  it  is  touched,  and  so  we  know  that  nerves  are  somehow  capable  of  telling  the  brain 
that  mey  are  in  comea  and  not  in  ordinary  skm.  This  problem  has  been  stumed  in  nor¬ 
mal  frogs,  a  paper  will  soon  appear  in  Experiments  Neuroioffi'^^,  and  this  work  will  be 
pushed  vigorously  during  me  next  year. 

A.  Taub,  K.  Kornacker,  Piane  Major,  P.  D.  Wall 
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Li  Stark 
F.  Hi  Bakfef 
R.  W.  Cbrnew 
Hi  T.  Harmaim 


Ji  Ci  Hbuki  jr. 
Ei  L.  Mudaiiia 
F.  Naves 


A,.  Ai  Sandberg 
Susanne  Shuman 
Ji  Li  Simpson 
Gabrielia  W.  Smith 
li  Sobel 
S  i  F.  Stanteh 


1.  Hi  Thomae 
A  i  Troelstra 
E  i  G  i  Van  Hortti  Jr . 
Pi  Ai  WiiHs 
Si  Yasui 
L  .  R.  Y  oim  g 
Bi  L.  Zubef 


RESEARGH  OBJEGTIVES 

The  aim  of  otir  work  is  to  apply  the  conGept  of  eommunication  and  control  theory 
to  Our  analyses  of  neurological  and  biological  mechanisms  i  The  grOup  is  Composed  Of 
nouroiogistSi  mathematicians >  and  electrical  engineers .  Gur  research  endeavors  to 
Span  a  wide  field  that  includes  experiments  on  human  control  mechanisms,  mathemat¬ 
ical  methods  for  analysis  of  nonlinear  systems^  including  simulation,  clinical  studies 
with  On-line  digital-computer  techniques  employed,  neurOphsiology  of  simple  inverte¬ 
brate  reGeptors,  and  adaptive  pattern-recoghflfon  techniques  with  the  use  Of  Computers 

Li  $tark 


A.  WORK  GOMPLETEE) 

Short  summaries  follow  of  theses  accepted  by  the  departments>  and  in  partial  fulfill¬ 
ment  of  the  requirements  for  die  degrees,  indicated. 

li  A  Sampled  Data  Model  for  Eye-Tracking  Movements,  SciD.ThesiSi  Department 
of  Aeronautics  and  Astronautics,  M.i.  Ti,  May  1962. 

A  sampied-data  model  has  been  developed,  bused  on  the  following  principles:  1)  the 
predictability  pf  the  target  signal  has  a  profound  effect  on  the  system's  ability  of  track 
continuous  and  discontinuous  target  motion;  2)  the  saccadic  and  pursuit  systems  function 
separately;  and  3)  the  eye-movement  tracking  characteristics  are  of  a  discrete  nature . 

L  i  R.  Young 

2,  A  Gonvenient  Eye  Position  and  Pupil  Size  Meter,  S.M>  Thesis,  Department  of 
Electrical  Engineering,  M-LT..  June  1962. 

A  specialized  television  system,  in  which  a  technique  of  circular  track  scanning  is 
employed,  takes  continuous  readings  of  eye  pupil  size  and  position.  The  ac  components 
of  scanning  deHection  signals  are  proportional  to  the  eye  pupil  diameter,  and  the  dc 
components  are  proportional  to  the  coordinates  of  eye  pupil  position. 

G.  A.  Finnila 


This  research  is  supported  in  part  by  the  U.S,.  Public  Health  Service  (B-3055, 
B-309Q),  the  Office  of  Naval  Research  (Nonr-1841  (70)),  the  Air  Force  (AF33(6l6)-7§88, 
AF49(638)-113Q,  AfAfOSR-155-63),  and  the  Army  Ghemical  Corps  (DA-18-lb8.-4Q5-Gml- 
942);  and  in  part  by  the  National  Science  Foimdation  (Grant  G- 165 26). 
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3  .  The  Design  and  Gonstruetlori  of  a  M6lor  GoOrdination  Testing  Servomechahism> 
Department  of  EiectriGal  Engineering,  M.I.T.,  June  1962. 

An  instrument  consisting  of  two  electrically  identical  de  servOmecbanisms  with  con- 
centriG  output  shafts  was  designed  to  test  the  dynamic  behavior  Of  human  motor  coordi¬ 
nation  in  the  lower  arm  and  wrist. 

G.  L.  Gottlieb 


4.  Effects  Of  Alcohol  and  Barbiturates  on  Rotational  Mechanical  Responses,  S.B. 
Thesis,  Department  of  Electrical  Engineering,  M-LT.,  June  1962. 

The  effect  of  alcohol  and  barbiturates  On  the  response  of  subjects  following  a  light 
spot  with  a  pointer  was  found  to  dapOnd  on  the  frequency  at  which  Ihe  input  light  moved 
on  the  screen. 

W.  G.  Henrikson 


5.  Head-Position  Indicator,  S.B.  Thesis,  Department  Of  Electrical  En^neCring, 
M,I.T.,  June  1962. 


A  gyroscope -demodular  system  was  used  to  indicate  head  position, 
where  a  subject  looks  in  a  given  situation  can  be  determined. 


SO  that  the  place 
H.  R.  Howland 


6.  Gomputer  Analysis  Of  Handwriting  Applied  to  Gancer  Deteotion,  S.B.  Thesis, 
Department  of  Electrical  Engineering,  M.I.T.,  June  1962. 


The  Kaufer  Neuroi^usGular  Test  was  programmed  On  the  TX-O  Computer,  the  results 
analyzed,  and  improvements  suggested. 

R.  G-  Kurkjian 

7.  A  Semiconductor  Regulated  DC  Power  Supply,  S.B. Thesis,  Department  of  Elec¬ 
trical  Engineering,  M.I.T.,  June  1962. 

An  efficient  power  supply  for  application  to  a  servomechamsm  system  is  Obtained  by 
cascading  a  transistorized  filter  and  a  transistor  dc  regulator . 

K.  D.  Labaugh 

8.  A  Measuring  Device  for  the  Tremor  of  the  Human  Finger,  S.B.  Thesis,  Depart¬ 
ment  of  Electrical  Engineering,  M.I.T,,  June  1962. 

With  a  transducer  that  employs  the  change  in  capacitance  of  two  plates,  caused  by 
varying  the  distance  between  them,  a  signal  can  be  detected  which  indicates  finger 
tremor  • 

G.  Segal 
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9.  The  Pupil  Light  Reflex  in  the  Owl,  S.B.  Thesis,  Department  of  Biology.  M.L  T., 
May  1962. 

The  pupil  reflex  of  ah  owl  to  light  was  found  tO  contain  nonlinearities  that  contribute 
to  the  variability  of  the  gain  results . 

G.  H.  Northrop 


10  i  Linear  Light  Source  for  Eye  Stimulation,  Department  of  Eleetrical  Engineering, 
M.LT.,  June  1962, 


A  television  screen  is  used  as  a  light  source  to  stimulate  the  eye,  and  thus  enable 
one  to  observe  the  pupil  under  various  stimulaLtlOn  conditions. 


Gi  Sever 


11 .  The  Effects  of  Drugs  on  ttie  Transfer  Function  of  the  Human  Pupil  System, 
Department  of  Biology,  M.I.T.,  May  1962, 

Using  physostignine  and  hydroxyamphetarninfe  hydrObromide  together,  we  found 
that  the  minimum  phase  lag  was  increased,  and  the  gain  of  the  transfer  funO- 
tion  deOreaSed. 

J.  w,  Stark 

12.  Effect  of  Operating  Conditions  Oft  NOiSe  in  Human  Pupil  Servomechanism,  SiB, 
Thesis,  Department  of  Electrical  Engineering,  M.I.T.,  June  1962. 

The  mean-square  value  of  noise  was  found  to  be  a  monotonically  increasing  function 
of  light  intensity:  the  noise  has  stationary  eompOnents  from  Q.08  cps  to  2  eps,  and  the 
spectrum  contained  a  relative  maximum  at  15  cycles  per  minute  which  corresponded  to 
the  respiration  rate  • 

B,  P.  TunSlail 


13,  Transient  Adaptation  in  the  Human  Pupil  ServOmeehamsm,  S.B.  Thesis,  Depart¬ 
ment  of  Biology,  M  •  L  T . ,  June  1962, 

The  rapid  rise  in  visual  threshold  is  eoncomitant,  but  not  simultaneous,  with  a 
rapid  rise  in  pupil  response  when  the  steady  light  input  to  the  pupil  is  decreased, 

W.  M.  Zapol 
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B.  EYE  GONVERGENCE 

An  apparatus  sunilar  to  that  described  hy  Rashbass  and  Westheiiner^  (fig-  XXV-l) 
has  been  used  to  present  a  convergence-divergenGe  stimulus  to  human  subjects. 


GLASSES 


MAXIMUM 
CONVERGENCE 
10 CM  FROM  0 


FACE  OF  C  AT MODE ‘ 
RAY  TUBE 


.CENTER 

line 


«a  ^ISOCM 
FROMO 


Fig.  XXV^i.  Eye-convergenCe  apparatus i 


The  electrical  apparatus  used  is  shown  in  Fig.  Eye  moveinents  are 

2 

recorded  from  photocells  mounted  on  eyeglass  frames.  Tbe  variable  measured 


Fig-  XXV-2.  Electrical  circuit  for  eye -convergence 
apparatus . 


thus  far,  the  angle  of  convergence -divergence  (o^),  is  defined  as  the  angle  between 
the  line  of  sight  when  the  eye  is  focused  at  infinity  and  the  line  passing  through 
the  target  and  the  center  of  the  eye.  Calibration  of  eye  movements  (Figs  XXV- 3) 
is  accomplished  by  having  the  subject  focus  on  a  light  appearing  at  infinity  and 
then  on  a  light  that  is  a  known  distance  from  the  first.  Thus  a  known  a  is  sub- 

.  '  ■ ' . . . .  . .  . . ,  . -  --  -  .  _  -  .  .  p 

tended.  Subjects  have  been  presented  with  sinusoidal  and  step  stimuli.  Records 
of  stimuli  and  responses  appear  in  Fig.  xxv-3.  Future  investigations  will  include 
closed-loop  predictable  and  unpredictable  frequency  responses  with  smgle  and 
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mixed  computer-produGed  sinusoidal  stimuli  used.  Finally,  the  dynamics  of  the 
system  when  the  feedback  loop  has  been  opened  will  be  investigated. 

B.  Li  Zuber,  L.  Stark 


References 

i.  Ci  Rashbass  and  G.  Westheimer,  Disjunctive  eye  movements,  J.  Physiol.  159i 
339-360  (1961). 

2i  Gi  P.  Nelson,  Li  Stark,  and  L.  R.  Young,  Phototube  glasses  f Or  measuring  eye 
movements,  (Quarterly  Progress  Report  NOi  67,  Research  Laboratpry  of  EleetroniPS, 
M.I.Ti,  Getober  15,  1962,  pp.  214-216. 


G  i  PUPILLARY  NOISE 

In  an  attempit  to  discover  possible  sources  of  pupillary  unrest  (nOise),  a  crosscorre- 
lation  program  has  been  written  for  the  GE  225  computer .  With  the  aid  of  this  program 
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Fig.  XXV-4.  Digitalized  records  of  pupil  area  and  respiration  signal. 
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Fig.  XXV -:5 .  Gfosscorrelatipn  between  pupil  noise  and  respipatipn. 


pupil  noise  Gan  be  cPmpaf  ed  with  pther  biological  signals  to  detertnine  whether  Or  not 
correlation  exists . 

As  a  first  attempt^  the  pupil  noise  was  crosscorrelated  with  a  respiratioh  signal. 

This  respiration  Signal  was  obtained  froin  a  device  that  consisted  of  a  therinistor  (Fenwal 
Tj^e  BC32L1)  placed  inside  a  hollow  plastic  tube,  which,  in  turn,  was  inserted  into 
the  nostril  of  the  subject .  As  the  subject  inhaled  and  exhaled,  the  temperature  in  the 
environment  of  the  thermistor  changed  and  thus  the  resistance  of  the  thermistor  changed, 
The  thermistor  was  used  as  one  arm  of  a  resistance  bridge<  and  the  signal  obtained 
indieated,  in  sonie  sense,  the  respiration  of  the  subject. 

The  respiration  was  erpsscorrelated  with  the  pupil  area  under  constant  illuminatiQn 
conditions .  Three  cases  were  tried:  (a)  slow  breathing,  (b)  regular  breathing,  and 
(c)  fast  breathing. 

Figure  XXV-4  shows  a  typical  area  and  respiration  signal  for  the  slow -breathing 
case  after  digitalizatipn,  and  Fig,  XXV-^S  shows  its  crosscorrelation  function.  The 
crosscGrrelation  function  is 


(x(t)--x)(y(t+T)-.7) 


(T  (T 

X  y 


Here,  the  bar  denotes  time  average,  X  is  the  pupil  area,  y  is  the  respiration  signal, 

X  and  y  are  the  respective  time-average  values,  and  1^^  respective  rms 

X  y 
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values  of  the  signal.  We  see  ffom  Fig.  XXV-5  that  the  correlation  peak  goes  as  high 
as  15  per  cent .  For  regular  breathing  the  correlation  peak  was  approximately  1 1  per 
centi  and  for  fast  breathing  a  peak  of  approximately  2  per  cent  was  Obtained. 

No  definite  conclusions  will  be  drawn  now,  due  to  the  fact  that  the  experiment  was 
performed  omy  Oncei  and  there  is  the  possibility  of  head  movement  during  breathing, 
which  could  add  correlation. 

S.  F.  StanteUi  L.  Stark 


t).  EYE -MOVEMENT  EXPERIMENTATION 

Equipment  for  ©Ur  eye-mOVement  experiment  has  been  set  Up  at  the  Massachusetts 
Eye  and  Ear  infirmary  Of  the  Massachusetts  General  Hospitcd.  it  is  very  similar  to  the 
experimental  arrangement  used  for  the  study  of  the  effect  of  pharmacological  agents  on 


Target 

angle 


(0) 


target 

ANGLE 


.  BlllTSil  INSTRUMENTS'  ''  omsioN  or  eifnri.coaraitATidN  ~  '  eunuM 
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Fig.  XXy-6.  Response  to  step  changes  in  target  angle  recorded  from  (a)  normal 
subject,  and  (b)  young  child  with  possible  brain  tumor . 
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centrbl  of  eye  movements VS^e  are  studying  patients  with  varipus  eye-naoveiment  dis¬ 
orders  who  sit  With  head  fixed  in  a  "catcher's"  mask,  they  Wear  a  pair  of  photocell 
goggles  that  measure  eye  mOvenient  as  a  moving  Spot  of  light  on  an  oscilloscope  screen 
is  trached. 

llie  patient  performs  a  varied  set  of  tasks :  (a)  directed  gaze  in  darkness  —  lateral 
and  forward;  (b)  compensatory  movenaents  to  passive  head  roiatien;  (c)  directed  gaze 
at  fixation  point;  and  (d)  conjugate  eye  movements  following  moving  targets  of  steps, 
constant  velocity,  constant  accelerationi  and  sinusoids .  These  are  designed  to  measure 
Certain  types  of  eye  movements  —  saccades,  pursuit,  fixation,  stability,  and  nystagmus . 

Figure  XXV-6a  shows  the  response  Of  a  normal  subject  to  step  changes  in  target 
angle.  Note  the  rapid  response  without  much  overshoot.  Figure  XXV-6b  Shows  the 
response  of  a  young  child  with  a  possible  brain  tumor .  His  record  shows  considerable 
oscillatory  overshoot  that  Was  not  seen  in  ordmary  clinical  examination. 

Gabrielia  W.  Smith,  D.  G.  Gogan,  L.  stark 

(Dr.  D.  G.  cpgan  is  Chief  of  Ophthalmology,  Massachusetts  Eye  and  Ear  infirmary,. ) 
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E.  model  of  pupil  reflex  to  light 

Work  continues  in  an  attempt  to  refine  pur  model  of  the  human  pupillary  response 
to  light.  Extensive  use  has  been  made  of  the  GE  225  computer  as  an  integral  part  of  a 
hybrid  analog-digital  pupil  model,  and  to  obtain  reliable  results  by  the  use  of  on-line 
averaging  of  experimental  data. 

1  2 

From  Fig-XXV^?,  and  from  previous  work  ’  it  is  apparent  that  some  form  of  scale 
compression  is  present  early  in  the  signal  processing  by  the  system .  Figure  XXy -8 
illustrates  the  existence  of  a  nonlinearity  with  memory.^  Note  the  smaU  effect  of  the 
pUlsewidth  on  the  height  of  the  response . 

The  model  presented  previously  is  shown  in  Fig.  XXV-9.  ihe  revised  model  shown 
m  Fig.  iQiy-iQ  differs  from  the  previous  model  in  the  following  respects, 

(i)  A  logarithmic  scale-compression  factor  has  been  added,  the  results  of  which  are 
shown  in  Fig.  xxv-ii, 

(ii)  An  extra  and  faster  time  constant  has  been  added  to  the  transfer  function  ofT. 
This  addition  will  aid  in  reducing  the  effect  on  response  height  of  puisewidths  from 
10  msec  to  2  seconds.  However,  this  addition  decreases  the  dependence  of  time  to  peak 
on  the  pulsewidth  in  contradiction  with  experimental  results . 


QPR  No,  68 


237 


Fig,  XXV -8,  Average  response  of  pupil  to  light  pulses  Pf  decreasing  width. 


MILL  (LUMENS 


■f 


Figi  XXV-9.  Old  pupil  mddeL  Tj  *  1*5  sec;  r  '»  0*15  sec;  d  =  0.1» 


=1002  Ck  i(;t  -  t)  +  13  k  =  6,  t j  =  i  .5  seC,  tj ^  0,2*  t- 6.2  seg 

a-sQ.OS*  P  =  6.8„  f=d,2SEG 

Fif.  ^V-lO.  New  pul>il  ihbdel. 


Fig-  3QCV-11.  Response  (top)  of  pupil  model  to  positive  pulses  (bottom)  of  greatly 
varying  amjplitude ,  Note  scale  Gompression  of  log  function,  (Over¬ 
shoot  of  the  simulated  stimuli  is  due  to  X-Y  recorder  inertia, ) 
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(iii)  The  lower  diodes  have  been  introduced  to  tnake  the  recently  introduced  rapid 
light  adaptation  ineffective  during  dark  adaptation. 


Ai  A.  Sandberg.  L.  Stark 
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F.  HUMAN  PREDIG  TION  OF  FILTERED  RANDOM  SEQUENCES 

An  experiment  has  been  designed  to  investigate  a  human  subject's  strategy  in  pre.T 
dieting  successive  numbers  in  a  nonindependent  sequence  of  random  numbers .  The 
experiment  is  implemented  in  the  form  of  a  digital-computer  program  that  interacts 
with  the  subject  and  the  experimenter  by  means  of  typewriters.  This  program  has 
been  written  and  checked  out,  and  the  first  carefully  controlled  experiments  are  now 
in  progress. 

Die  subject  is  presented  with  a  Sequence  of  positive  and  negative  decimal  integers, 
which  are  formed  by  taking  a  weighted  sum  of  (a)  a  number  obtained  by  an  independent 
sampling  Of  a  uniform  distribution  of  zero  mean  and  (b)  a  linear  combination  Of  previous 
numbers  in  the  output  sequence . 

After  each  number  is  presented,  the  subject  is  asked  to  predict  What  the  next  number 
in  the  sequence  will  be .  It  is  apparent,  and,  indeed,  can  be  proved,  that  he  may  mini¬ 
mize  his  mean-square  error  by  setting  his  prediction  just  equal  to  the  quantity  (b)  above. 
This  is  then  his  "optimum  policy." 

Figure  XXV- 12  gives  a  block  diagram  of  the  experimental  configuration.  The  quan¬ 
tities  shown  have  the  following  meanings: 

R  Random-number  generator 

Fi  Filter 

D^  Delay  of  one  discrete  time  unit 

S  Subject 

E  Experimenter 

i  Discrete  time  variable 

X(i)  Independent  sample  from  a  uniform  distribution 

Y(i)  Constrained  random  number 

Q(i)  Subject's  optimum  prediction  for  Y(i): 

Y(i--i)  The  number  presented  to  the  subject  just  before  he  gives  P(i) 
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Figt  30CV-i2.  Experimental  GbhfiguFation. 


i  ^  .piSCRETE  TIME  VARIABLE 

Fig.  XXV-13.  Results  pf  one  human  predictioh  experiment. 
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P(i)  Subject's  prediction  for  Y(i) 

Eg(i)  Subject's  guess  error  :{=P(i)-Y(i)) 

Ep(i)  Subject's  ipplicy  error  (=P(i)^(i)ii 

Another  quantity  that  is  not  shown  in  Fig.  XXV-1 1  and  is  also  calculated  by  the 
computer  is 

S 

SMEP(i)s|.J  |Ep{i-j)l. 

3=1 

Here,  SMEP  stands  for  "smoothed  magnitude  of  policy  error  We  have  found  it  con¬ 
venient  to  set  s  =  3  for  most  of  our  experiments. 

Figure  XXV-13  is  a  graph  of  P{i)i  Y(iji  and  SMEP(i)  (with  S=3;)  plotted  against  i 
for  a  representative  sum  of  50  prediGtiOns. 

The  h3q)othesis  has  been  Set  forth  that  the  subject  will  gradually  learn  to  behave  well 
with  respect  to  the  optimum  poliey>  but  that  the  random  Gharacter  of  the  Y's  will  cause 
him  to  eventually  become  dissatisfied  with  his  performance.  He  will  then  make  a 
drastic  change  in  his  policyi  which,  of  CGUrse>  will  cause  his  policy  error  to  increase 
in  magnitude .  He  will  then  gradually  return  to  the  optimum  policy,  only  to  become 
dissatisfied  again  later  on.  Our  experimentation  has  not  progressed  far  enough  to  en¬ 
able  us  to  confirm  or  deny  this  hypothesis .  < 

E,  0.  Van  Horn,  Jr.,  L,  Stark 
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XXVI.  CUTANEOUS  SENSORY  MECHANISMS* 


Prof.  R.  Melzack  J.  G.  Haliett 

P.  D.  Donahue  G.  R..  $<  Bingham 

RESEARCH  Objectives 

There  is  considerable  evidence  that  severe  restrictioh  of  the  early  perceptu^  expe-r 
rience  Of  ahiinals  produces  profound  disturbances  Of  their  perceptual,  emotional,  and 
intellectual  development.  The  purpose  of  our  investigation  is  to  carry  out  a  series  of 
studies  on  the  physiological  mechanisms  that  underlie  the  highly  abnormal  behavior 
observed  in  animus  reared  in  isolation.  The  focus  of  individual  studies  will  be  on  three 
salient  characteristics  of  the  behavior  of  animals  reared  in  isolation:  (a)  a  frequent 
failure  to  perceive  and  respond  to  the  appropriate  environmental  cues,  including  siimuii 
that  are  painful  to  animals  that  are  reared  under  normal  conditionSj  (b)  an  extremely 
high  level  of  excited  activity  that  pervades  virtually  all  of  the  animals'  behavior;  and 
(c)  a  low  capacity  for  learning  new  responses  in  problem-solving  situations.  The  method 
of  procedure  for  the  first  problem  is  to  observe  the  behavior  of  restricted  and  normally 
reared  anunais  from  the  same  litter  in  response  to  brief  burns  and  pinpricks  and  simul¬ 
taneously  to  record  responses  evoked  at  the  midbrain,  thalamus,  and  cortex. 

R,  Melzack 


This  research  was  supported  in  part  by  the  National  Institutes  Of  Health 
(Grant  MH-04235^03), 
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XXVII.  SENARY  AIDS  RESEARCH* 


Rrof.  S.  Ji  Mason  J.  Dupfesis  D.  G.  KOcher 

Rrof.  D.  E.  Troxel  W.  G.  Kellner  R.  G.  Levine 

G.  Gheadle  M.  A.  i^lla 

RESEARCH  OBJEGTIVES 

The  basic  objeGtive  of  our  research  in  settsOry  comnSunicatiOn  is  tO  provide  la  better 
tinder  standing  of  the  fundamental  problem  s  underljdng  the  development  of  sensory  aids 
for  people  who  are  blind  or  blind  and  deaf.  Current  and  projected  work  includes  studies 
of  (a)  tactile  transmission  Of  Braille -like  codes;  (b)  tactile -kinesthetic  transmission  Of 
stenotypelike  codes;  (c)  tactile -kinesthetic  perception  of  planar  shapesi  includuig  mod¬ 
ified  and  enlarged  letter  wd  word  shapes;  (d)  communication  by  means  of  the  thermal 
sense;  (e)  communication  by  simultaneous  stimulation  of  two  or  more  sensory  modal¬ 
ities;  (f)  pictiire  processing  for  drastic  reduction  of  information  content;  (g)  detection 
Of  skin  potentials;  and  (h)  eye^movement  measurements^ 

S.  j.  Mason 
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XXVni.  GIRGUIT  theory  AND  DESIGN* 


Prof.  P.  Penfifeldi  Jfi  Prof,  G.  Se&rle 

Prof,  R.  P.  Rafuse  Prof.  R,  D-  fhOriitoh 


RESEARGH  OBJEGTIVES 

Investigations  of  nonlinear,  time -Variant  linear,  and  linear  active  circuits  are  aimed 
at  a  'better  Understanding  of  the  relations  between  theoretical  models  and  physical 
devices.  Current  research  inciudes: 

(a)  theoretical  investigations,  design,  and  ejqjerimental  behavior  of  parametric 
amplifiers  and  frequency  multipliers 

(b)  determination  of  the  invariant  properties  Of  active  network  components  under 
various  kinds  of  embedding 

(  C)  Studies  of  transistor  and  tunnel  ^diode  cir  cuit  s 

(d)  interpretation  of  a  general  V  •  i  conservation  theorem. 

P.  Penfield,  Jr. ,  R.  P.  Rafuse.  G.  L.  Searle.  R.  D-  Thprntpn 
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Laboratory,  a  center  for  re seur eh  operated  by  Massachusetts  Institute  of  Technology 
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XXIX.  NETWORK  SYNTHESIS 


Prof.  E.  A.  Guillemin  V.  K,  Prabhu 

S>  Gi  ChambieFlain  W.  G.  Schwab 


RESEARGH  OBJEGTIVES 

As  expressed  in  iaSt  year' s  research  objectives  (Quarterly  Progress  Report  No*  64, 
ipage  337),  the  further  development  Of  an  approach  tO  synthesis,  which  was  started  during 
the  past  two  years,  will  continue  during  this  and  for  several  more  years,  inasmuch  as 
many  coliaterai  problems  are  generated  in  the  process  of  working  Out  essential  Steps  in 
this  new  method  of  network  synthesis. 

E.  A.  Guillemin 
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XXX.  GOMPUfER  RESEARGH 


Prof^  j.  B.  DSMls 
Ni  KerlleneVich 
G.  Y-G.  W&Jig 


RESEARGH  OBJECTIVES 

The  pur^se  of  this  groups  which  is  operated  jointly  by  the  Research  Laboratory 
of  Electronics,  the  Electronic  Systeins  Laboratcryj  and  the  Departhient  Of  Electrical 
Engineerings  M..  I.  Ti ,  iS  threefoM: 

1  i  To  provide  a  flexible  and  readily  aecessible  computation  facilily  oriented  toward 
the  Laboratory  's  research  goals. 

2,  To  develop  Computation  techhiOUhSs  especially  in  the  sense  Of  increasing  the 
convenience  with  which  operating  prograins  for  particular  tasks  may  be  produceds 
and  of  allowing  the  scientist  easy  communication  with  the  machine  about  tasks 
that  are  being  performed  for  him. 

3.  To  provide  an  education  faciliiy  where  Students  tnay  learn  the  principles  of  auto¬ 
matic  computations  and  undergraduate  and  graduate  theses  and  projects  may  be 
carried  out. 

Gomputation  Facility 

The  Computation  facility  consists  of  two  general-purpose  digital  computers.  The 

TX-O  computer,  an  experimental  transistorized  machines^  was  built  by  Lincoln  Labora¬ 
tory,  M^i.  T.  Since  1958,  the  TX«^0  computer  has  been  made  available  for  academic 
research.  Its  effectiveness  has  been  increased  through  the  expansion  of  its  instruction 
2  • 

code,  the  addition  of  a  flexible  in-out  facility  for  communicating  with  the  Users'  equip- 
mient,  and  the  installation  of  a  magnetic  tape  tmit  for  auxiliary  storage.  In  September 
l95l,  the  Digital  Equipment  Gorporation  generously  donated  one  of  its  FDP-  i  machines 
to  the  Department  of  Electrical  Engineermgt  M.  i.  T.  This  machine  iS  a  commercial 
unit  that  is  similar  in  many  respects  to  the  TX-o  in  its  design  and  intended  application. 


Our  experience  with  TX-O  has  shown  that  on-lme  communication  between  the  User 
and  machme  allows  the  user  to  progress  faster  in  his  research  with  less  effort  on  his 
part  than  is  possible  with  a  closed-shop  operation:  if  the  user  can  interrogate  the 
machine  at  any  time  to  observe  the  course  of  the  computation  and  to  change  parameters 
of  the  problem  when  it  is  necessary,  he  can  make  quicker  progress  with  less  computa¬ 
tion.  A  closed-shop  operation,  of  course,  will  aUow  much  more  efficient  use  of  the 
computer,  since  it  need  never  stand  idle  while  the  luier  ponders  his  next  step  in  rwming 
a  computation  experiment,  or  in  testing  a  program. 

The  time  sharing  of  one  computer  by  a  number  of  users  operating  from  different 
consoles  would  combine  the  advantages  of  both  modes  of  computer  operation,  and  is 

3 

viewed  by  many  as  the  desirable  goal  for  the  future  computation  facility  at  the  Massa¬ 
chusetts  tostitute  of  Technology,  The  hardware  and  programming  for  time -shared 
operatim  of  the  PDF-l  computer  from  up  to  seven  typewriter  consoles  has  been  designed 
and  installation  is  nearing  completion.  The  system  is  built  around  a  magnetic  drmn 
that  stores  users '  programs  while  they  are  waiting  their  turn  to  run-  The  drum  permits 
a  shift  between  programs  in  33  msec,  allowing  a  fast  response  to  users'  demands- 

This  facility  will  make  the  advantages  of  time -shared  operation  available  to  students 
and  laboratory  research  projects,  and  help  establish  requirements  for  a  future  large- 
scale  facHity. 

J,  B,  Dennis 
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XXXI.  AI3VANCED  COMPUTATION  RESEARCH* 


Prof.  H.  M.  Teager  E.  E.  Ivie  R.  L.  W^d 

Ni  Ei  Bolen  U.  Shirnffliy  D*  U.  Wilde 


RESEARCH  OBJECTIVES 


Our  obieetive  is  to  develop  devices  *  systeinsi  and  languages  for  fruitful  interaetion 
between  scientists  and  computers,  through  the  use  of  the  computer  as  a  powerful,  on¬ 
line  aid  to  iinderstanding.  Taking  cost  and  computer  CapaCiiy  into  COnsiderationj  we 
can  provide  this  facility  by  time  .^sharing  a  slightly  modified  computer  with  a  normala! 
sized  niernGry*  The  computer  is  equipped  with  random  aCcCSS  files  and  many  low-cOst 
remote  consoles,  each  of  which  has  low -data-rate  graphical  and  character -producing 
input-output  devices.  The  consoles  can  be  operated  simultaneously. 

Work  in  this  field  has  been  concerned  with  the  following  problems.  We  have  tested 
on-line  programming  and  computation,  utilizing  a  system  of  multiple  independent  type¬ 
writers.  An  existing  digital  plotter  has  been  connected  to  an  IBM  709  computer,  and 
we  are  constructing  a  special-purpose  computer  to  control  multiple  independent  plotters, 
A  prototype  of  a  high-resolution  graphical  input  device  for  figures  and  symbols  that  are 
drawn  by  hand  is  being  built.  Design  modifications  for  an  IBM  7090  computer  have  been 
proposed  and  incorporated  into  the  computation  center  machine.  Scheduling  systems 
for  time -Sharing  and  memory  allocation  have  been  simulated  and  found  satisfactory. 

An  information-retrieval  system  for  programs  and  data  is  being  designed.  Programming 
systems  for  recognition  of  handwritten  input  are  being  checked  out,  and  new  graphical 
languages  for  several  major  problem  classes  for  input  and  output  have  been  partially 


In  a  wider  sense,  we  are  investigating  theoretical  problenas,  such  as  associate 
memories,  information-retrieval  systems,  pattern  reco^ition,  and  machine  organiza¬ 
tion,  with  a  view  toward  the  development  a  comprehensive  theory  of  computatitm  and 
information  processing. 

H.  M.  Teager 
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Research  objectives 

The  goal  of  bur  wbrk  with  eleetrbniG  Hash  is  twofold.  First,  there  is  an  intense 
desire  to  know  more  about  the  fundamental  prbGeSses  that  bGOUr  in  Hash  lamps  so  that 
faster i  brighter i  special  lamps  can  be  designed  for  all  sorts  of  performance.  Seconds 
there  is  an  unending  demand  for  eleGtronic  Hash  soiirces  to  help  obtain  data  and  radia-^ 
tion  for  all  sorts  of  research  and  production  problems.  To  properly  design  the  flash 
equipment,  the  designer  must  go  into  the  problem  at  hand  so  that  he  can  obtain  useful 
impojTtant  data  in  an  efficient  or  accurate  manner. 

For  several  years  there  has  been  intense  interest  in  the  laser  device.  We  are 
furnishing  Hash  lamps  that  are  Specially  designed  for  good  optical  coupling  to  the  ruby 
crystal. 

There  is  also  interest  in  photographing  small,  high-velocity  particles  such  as  those 
that  will  be  encountered  by  space  ships.  The  duration  required  for  this  photography  is 

approximately  id  second.  Some  work  has  been  accomplished  with  such  a  short  Hash, 
and  further  work  is  under  way. 

For  more  than  ten  years  we  have  worked  on  many  applications  of  electronic  Hash- 
lighting  equipment  to  imderwater  research  with  partial  financial  help  from  the  National 
Geographic  Society  and  interested  individuals.  This  work  has  been  greatly  stimulated  by 
the  addition  of  a  pressure  •I'testing  facility  in  Room  2QD-009,  M.  I.  T.  We  have  assisted 
with  the  photographic  devices  for  both  existing  bathyscaphes,  and  we  have  heiped  with 
the  design  of  new  photographic  gear  for  the  Ihrench  bathyscaphe  that  is  being  built  for 
ultimate  depths, 
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